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ABSTRACT
An e x te n s iv e  h e te ro g e n e o u s  k i n e t i c  s tu d y  was c a r r i e d  o u t f o r  a c id  
c a ta ly s e d  p ro p io n y la t io n  o f  c o t to n  c e l lu lo s e .  In  t h i s  s tu d y  a  s e r i e s  of 
m e ta l c h lo r id e s  and s u lp h u r ic  a c id  a s  c a t a l y s t s  were u se d , and th e  e f f e c t  
o f  te m p e ra tu re ,  s o lv e n t  medium, p ro p io n y la t io n  s o lu t io n  c o m p o s itio n , and 
c a t a l y s t  c o n c e n tr a t io n  on p ro p io n y la t io n  were i n v e s t ig a t e d .  The d eg ree  
o f  p ro p io n y la t io n  was d e te rm in ed  by a  s a p o n i f i c a t io n  method a n d , where 
n e c e s s a ry ,  con firm ed  by in f r a r e d  sp e c tro sc o p y  and m ic ro a n a ly s is .  The 
r e a c t io n  p ro c e s s  was d e s c r ib e d  on th e  b a s i s  o f  an  i n i t i a l ,  f i r s t ,  and 
second s ta g e .  Up to  15% o f  th e  com pleted  r e a c t io n  ap p ea red  to  ta k e  
p la c e  in  th e  i n i t i a l  s ta g e  which i s  su g g e s te d  to  be  d i f f u s io n  c o n t r o l l e d .
c
W hereas th e  f i r s t  and second s ta g e s  were shown to  be n o n d if fu s io n  ones 
s in c e  th e y  obeyed pseudo f i r s t - o r d e r  k i n e t i c s  w ith  r e s p e c t  to  th e  
r e a c t in g  h y d ro x y l g ro u p s . A mechanism and t r a n s i t i o n  s t a t e  com plex 
were p roposed  f o r  th e  p ro p io n y la tio n  r e a c t io n .
A cid c a ta ly s e d  p ro p io n y la t io n  c o n d i t io n s  ( c a t a l y s t ,  te m p e ra tu re ,  
s o lv e n t or n o n -s o lv e n t and p ro p io n y la t io n  s o lu t io n  co m p o sitio n ) were 
in v e s t ig a t e d  fo r  th e  p r e p a r a t io n  o f  h ig h  m o le c u la r  w eigh t c e l l u lo s e  
t r i p r o p io n a te  in  th e  s h o r t e s t  tim e . Optimum c o n d i t io n s  w ere found fo r  
b o th  th e  s o lu t io n  and f ib r o u s  p ro c e s s e s ,  w ith  m o le c u la r  w e ig h ts  o f 
sam ples b e in g  d e te rm in ed  v is c o m e tr ic a l ly  in  c h lo ro fo rm .
S o lu b i l i t y  b eh av io u r and s o lv e n t power o f  c e l l u l o s e  t r ip r o p io n a te  
in  a la rg e  number o f  s o lv e n ts  was s tu d ie d .  The r e s u l t s  w ere e x p la in e d  
on th e  b a s i s  o f p o s s ib le  ty p e s  o f i n t e r a c t io n  betw een s o lv e n t and 
polym er. - F r a c t io n a t io n  by  th e  n o n -so lv e n t a d d i t io n  method was employed 
f o r  c e l lu lo s e  t r i p r o p io n a t e ,  and th e  s o lv e n t - p r e c ip i t a n t  system s o f 
p ro p io n ic  a c id -w a te r  and a c e to n e -p e tro le u m  e th e r  w ere in v e s t ig a t e d .
A s a t i s f a c t o r y  f r a c t io n a t io n  was o n ly  o b ta in e d  in  th e  c a se  o f  th e  
a c e to n e -p e tro le u m  e th e r  system .
N um ber-average m o le c u la r  w e ig h ts  o f f r a c t io n a t e d  c e l l u l o s e  
t r ip r o p io n a te  sam ples were d e te rm in ed  o sm o m e tr ic a lly . S o lu tio n  
v i s c o s i t i e s  o f th e s e  sam ples were m easured in  c h lo ro fo rm  from w hich 
th e  Mark-Houwink c o n s ta n ts  and m o lecu la r  co n fo rm a tio n  p a ra m e te rs  were 
o b ta in e d . The c e l lu lo s e  t r i p r o p io n a te  ch a in  ap p ea red  to  b e  more 
f l e x i b l e  th a n  t h a t  fo r  c e l l u lo s e  t r i a c e t a t e .
The a p p l i c a b i l i t y  of g e l p e rm eatio n  chrom atography  fo r  
m easu ring  th e  m o le c u la r  w eigh t o f  c e l lu lo s e  t r i p r o p io n a te  was 
c o n s id e re d  u s in g  d i f f e r e n t  m ethods of c a l i b r a t i o n  w ith  s ta n d a rd  
p o ly s ty re n e  sam ples. A hydrodynam ic r a th e r  th an  Q -fa c to r  m ethod 
o f  c a l i b r a t i o n  was found to  g iv e  th e  b e s t  agreem ent w ith  osm om etric 
m o le c u la r  w e ig h ts  fo r  sh a rp  c e l lu lo s e  t r i p r o p io n a te  f r a c t i o n s .
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CHAPTER I 
GENERAL INTRODUCTION
CELLULOSE AND CELLULOSE DERIVATIVES
C e llu lo s e  i s  a  c a rb o h y d ra te  w hich  o c c u rs  i n  n a tu r e  in  th e  c e l l  
w a l l s  o f  p l a n t s  and t r e e s  in  th e  form  o f  f i b r e s .  The two main 
com m ercial so u rc e s  o f  c e l lu lo s e  a r e  found  in  c o t to n  l i n t e r s  and 
wood p u lp ,  and a  p a r t i c u l a r l y  p u re  form  i s  o b ta in e d  from  c o t to n  
l i n t e r s .
C e l lu lo s e  c o n s i s t s  o f  lo n g  p o ly m e ric  c h a in s  o f  D — g lu c o se  u n i t s ,  
l in k e d  to  one a n o th e r  by l - 4 - /3 -g lu c o s id ic  bonds a s  shown below .
OH c h 2oh
—O- O—
OH
OP n «  -f-CH,OH OH
F ig .  1 .1  . A n h y d ro c e llo b io se  u n i t
The d e g re e  o f  p o ly m e r iz a tio n  (DP) o f  th e  m a jo r i t y  o f  com m ercial
c e l l u lo s e s  ra n g e s  from  50 to  5^000. B a s i c a l ly  th e  DP o f  n a tu r a l
c e l l u l o s e  i s  l im i te d  to  betw een 4 and 1 4 , 0 0 0 . ^
The c e l lu lo s e  f i b r e  s t r u c t u r e  h as  b een  s tu d ie d  by em ploying
x - r a y  d i f f r a c t i o n ,  e l e c t r o n  m ic ro sco p y , and s p e c tr o s c o p ic  m ethods.
A c e l lu lo s e  f i b r e  i s  a  p o ly c r y s t a l l i n e  a g g re g a te  c o n s i s t in g  o f  sm a ll
c r y s t a l l i n e  re g io n s  s e p a ra te d  by am orphous o r  i n t e r c r y s t a l l i n e  r e g io n s .
(2)N ik i t i n  h as  g iv en  a summary o f  th e  c u r r e n t  th e o r i e s  co n c e rn in g  th e  
s t r u c t u r e  o f  c e l l u l o s e ,  based  on th e  c o n c e p ts  o f  m ic e l l a r  s t r u c t u r e  and 
am orphous s t r u c t u r e  t h e o r i e s .  I n  th e  R ogovin th e o ry ,  summarized by 
N i k i t i n ,  th e  te rm  ’m ic e l l e ’ h as  been  d e f in e d  a s  m eaning a  d i s c r e t e  
segm ent o f  th e  c h a in  in  th e  re g io n  o f  w hich  th e r e  i s  th e  l e a s t  d i s t a n c e
betw een a d ja c e n t  c h a in s .  The r e s u l t  o f  t h i s  i s  a  h ig h e r  
c r y s ta l lo g r a p h ic  o r i e n t a t i o n  and maximum b o nd ing  
e n e rg ie s  betw een c h a in s .  F i g . 1 .2  shows th e  
m ic e l le s  r e p r e s e n te d  a s  th ic k  l i n e s  w ith in  th e  
p a r a l l e l  o r i e n t a t i o n  r e g io n  o f  th e  c h a in s ,  and 
th e  model i s  s im i l a r  to  t h a t  p roposed  by o th e r  
w o rk e rs .
(3)Meyer and M isch  su g g e s te d  a  s a t i s f a c t o r y  
model show ing th e  p o s i t i o n  o f  th e  c h a in  
m o lecu le s  in  th e  c r y s t a l  l a t t i c e  o f  n a t u r a l  
c e l l u l o s e .  Some a t te m p ts  have been  made to
(4)m odify t h i s  m odel; th u s  E l l i s  and W arwicker 
su g g es ted  a  m o n o c lin ic  c e l l  (w ith  p a ra m e te rs  o f  F ig
a  = 10 .85  A °, b = 1 0 .3  A°, c -  12.08A °, <B = 93° 14*) w hich  
hoped w ould p ro v id e  f r e s h  p o s s i b i l i t i e s  f o r  th e  com p le te  
e lu c id a t io n  o f  th e  c r y s t a l  s t r u c t u r e  o f  c e l l u l o s e .
B
F ig .  1 .3 .  Model o f  th e  u n i t  c e l l  o f  n a t iv e  c e l l u l o s e  a c c o rd in g  to
(5)L iang  and M a rc h e ssa u lt. The hydrogen bond ing  scheme i s  shown in  
te rm s o f  th e  a rran g em en t o f CH^OH in  th e  c e l lo b io s e  u n i t  (A) and in  th e  
u n i t  c e l l  (B ) .
3.63 A
2.68 A
F ig ,  1 .4 ,  D iagram  o f  b e n t c o n fo rm a tio n  o f  a  a n h y d ro c e llo b io s e  u n i t  i n  
th e  c r y s t a l  l a t t i c e  o f  c e l l u lo s e  by M a rc h e ssa u lt and S a r k o ^ \
The b e h a v io u r o f  c e l l u lo s e  in  i t s  r e a c t io n s  i s  in f lu e n c e d  by  i t s  
m orphology, w hich in c lu d e s  such  f a c t o r s  a s  s i z e  and p o s i t i o n  o f  
th e  c r y s t a l l i n e  r e g io n s  and s t r u c t u r e  o f  c r y s t a l  l a t t i c e .
F o r c e l l u lo s e  r e a c t i v i t y ,  th e  s w e ll in g  p ro c e s s  i s  an  im p o r ta n t  . 
one and i t  depends on th e  f i n e  s t r u c t u r e  o f  c e l l u l o s e  and n a tu r e  o f  
th e  s w e llin g  a g e n ts .  The s w e llin g  a g e n ts  can  su p p ly  enough e n e rg y  to  
b re a k  hydrogen  bonds betw een  th e  c h a in s .  T h is  en e rg y  i s  n o t  enough 
how ever, to  b r in g  th e  c e l l u lo s e  c h a in s  in to  s o lu t i o n .  Chitumbo and 
Brown ^  have s tu d ie d  th e  s w e llin g  b e h a v io u r  o f  c e l l u l o s e  g e l s  and 
c e l lu lo s e  g e l d e r iv a t iv e s  in  s o lv e n ts  such  a s  d im e th y l s u lp h o x id e ,  
d im ethylform am ide and w a te r  a t  d i f f e r e n t  te m p e ra tu re s .  They c o n c lu d ed  
t h a t  th e  fo llo w in g  f a c t o r s  w ere e f f e c t i v e  in  th e  s w e ll in g  p r o c e s s :  
m o le c u la r  s i z e  o f  s o lv e n t ,  i n t e r a c t i o n  o f  th e  p o la r  f u n c t io n a l  
groups o f  th e  s o lv e n t  m o lecu le  w ith  th e  h y d ro x y l g roups o f  th e  
polym er m a tr ix ,  and d e g re e  o f  i n t e r a c t i o n  o f  th e  h y d ro p h o b ic  p a r t s  o f  
th e  s o lv e n t m o lecu le  w ith  th e  h y d ro p h il ic  n e tw o rk .
(O)
T im ell has c l a s s i f i e d  c e l lu lo s e  r e a c t io n s  in  h e te ro g e n o u s  
system s in to  s u r fa c e  r e a c t io n s ,  m acroheterogenous r e a c t io n s ,  and 
m ic ro h e te ro g en o u s  r e a c t io n s .  In  th e  f i r s t  no sw e llin g  ta k e s  p la c e  
and th e  r e a c t io n  i s  c a r r i e d  o u t on th e  f i b r e  s u r f a c e ,  th e  c a p i l l a r y  
system  o f  p o re s  and c ra c k s  rem a in in g  c lo se d  th ro u g h o u t th e  r e a c t io n .
In  m acroheterogenous r e a c t io n s ,  th e  r e a c t io n  s t a r t s  on th e  f i b r e  
s u r fa c e  and c o n tin u e s  th ro u g h  th e  f i b r e  from  la y e r  to  l a y e r .  T h is  
p ro c e s s  may in v o lv e  th e  p a r t i a l  s w e l l a b i l i t y  o f  th e  f i r s t  la y e r  and 
p e n e t r a b i l i t y  o f th e  second l a y e r ,  o r  c o n v e rse ly  p a r t i a l  p e n e t r a b i l i t y  
o f  second la y e r  and s w e l l a b i l i t y  o f  th e  f i r s t  l a y e r .  In  
m icro h e te ro g en o u s  r e a c t io n s ,  b o th  th e  p rim ary  and seco n d ary  la y e r s
sw e ll in  th e  r e a g e n ts .
(9)
Sakurada assumed th a t  th e  r a t e  o f  a  h e te ro g en o u s  c e l lu lo s e  
r e a c t io n  i s  c o n t ro l le d  by d i f f u s io n ,  and p roposed  a g e n e ra l e q u a tio n  
f o r  a l l  ty p e s  o f  h e te ro g en o u s  r e a c t io n s ,  in v o lv in g  c e l l u l o s e .  T h is  
i s  ex p re sse d  by:
x  = KZm ( 1 . 1 )
Where x i s  th e  amount o f  co n v e rte d  c e l l u l o s e ,  w hich can  be in  te rm s o f
th e  d eg ree  o f  s u b s t i t u t i o n  (DS), Z i s  th e  tim e o f  r e a c t io n ,  and K and 
m a re  c o n s ta n ts .  Thus i f  lo g  x i s  p lo t t e d  v e rs u s  lo g  z a  s t r a i g h t  l i n e
shou ld  be o b ta in e d . T h is e q u a tio n  can be a p p l ie d  u nder c e r t a i n
c o n d i t io n s  and has been m o d ified  f o r  c e l l u l a r  p ro p io n y la t io n  w hich w i l l  
be d is c u s s e d  l a t e r .
A c o n s id e ra b le  amount o f  r e s e a rc h  h as  been  done on th e  r e l a t i v e  
r e a c t i v i t y  and a c c e s s i b i l i t y  o f  th e  -OH groups in  c e l l u l o s e .  The 
p o s i t io n s  o f  th e  p rim ary  and seco n d ary  h y d ro x y l g roups p e r  g lu c o se  
u n i t  in d i c a te  a d i f f e r e n c e  in  r e a c t i v i t y  betw een them (p rim ary  
a lc o h o ls  u s u a l ly  g iv e  f a s t e r  e s t e r i f i c a t i o n  th a n  seco n d ary  o n e s ) .
T h e ir  r e l a t i v e  a c t i v i t i e s  a re  a ls o  in f lu e n c e d  by t h e i r  b e in g  p r e s e n t
in  th e  c h a in ,  hydrogen  bonding  and c r y s t a l l i n i t y  o f  th e  c e l l u l o s e .
The e t h e r i f i c a t i o n  o f  c e l lu lo s e  u s in g  v a r io u s  r e a g e n ts ,  c a r r i e d  o u t
by Croon, showed th e  e x is te n c e  o f  d i f f e r e n t  r e l a t i v e  r e a c t i v i t i e s
o f  th e  h y d ro x y l g ro u p s . T h is i s  shown by th e  r e l a t i v e  e t h e r i f i c a t i o n
r a t e  c o n s ta n ts  (k) a t  C -2, C-3 and C- 6  ca rb o n  atom s o b ta in e d  in
e th y le n e  o x id e , (k£ = 3  kg = 1 , k^ = 1 0 ) ,  i n  m e thy l c h lo r id e
(k_ = 5 , k_ = 1 , k r = 2 ) ,  and d iazo m eth an e , (k_ = 1 .2 ,  k . = 1 , k .  = 1 .5 )2 3 6  2 1 6
Rowland e t  a l . ^ ^  s tu d ie d  th e  r e l a t i v e  a c c e s s i b i l i t y  o f  
h y d ro x y l groups in  b o th  hyd roce llu lo se(E H C ) and f ib r o u s  c o t to n ,  by 
means o f  N, N - d ie th y la z ir id in iu m  c h lo r id e  r e a c t io n  (under n o n d e c r y s ta l l i  
z a t io n  c o n d i t io n s ) . They showed t h a t  th e  h y d ro x y l g roups a t  C- 6  
and C-3 in  EHC a re  r e s p e c t iv e ly  54% and 29% a s  a c c e s s ib le  f o r  
r e a c t io n s  a s  th o se  a t  C -2. The r e s u l t s  o b ta in e d  f o r  th e  f ib ro u s  
c o t to n  showed C- 6  and C-3 to  be 77% and 32% a s  a c c e s s ib le  f o r  ■ 
r e a c t io n s  a s  th e  h y d ro x y l groups a t  th e  C-2 ca rb o n  atom s.
The h y d ro x y l g roups o f  c e l lu lo s e  can  u s u a l ly  undergo  0 - a c y l a t i o n  
r e a c t io n s  u s in g  th e  c a rb o x y lic  a c id  a n h y d rid e  in  th e  p re se n c e  o f  a 
c a t a l y s t  ( s u lp h u r ic  a c id ,  p e r c h lo r ic  a c id ,  o r  z in c  c h l o r i d e ) ,  o r  
th e  a c id  c h lo r id e  in  a m ix tu re  o f  p y r id in e  and d io x a n . C a rb o x y lic  
an h y d rid e s  in  th e  p re se n c e  o f  a c id  c a t a l y s t  a r e  n o t  s u i t a b l e  f o r  
p r e p a r a t io n  o f  th e  h ig h e r  c e l lu lo s e  e s t e r s  o f  a l i p h a t i c  a c id s  (>C^) 
b ecau se  o f  se v e re  d e g ra d a tio n . C e l lu lo s e  e s t e r s  o f  s a tu r a te d  
c a rb o x y l ic  a c id s  up to  C ^g h av e , how ever, been  p re p a re d  by u s in g  
th e  a p p r o p r ia te  a c id  c h lo r id e  in  th e  p re se n c e  o f  p y r id in e  and d io x a n . 
C a rb o x y lic  a c id s  u s u a l ly  r e a c t  w ith  c e l l u lo s e  v e ry  s lo w ly  and a re  
n o t  g e n e r a l ly  used  a t  e s t e r i f y in g  r e a g e n ts  on t h e i r  own.
A c e ty la t io n  o f  c e l lu lo s e  may be c a r r i e d  o u t u s in g  th e  f ib r o u s
p ro c e s s  o r  s o lu t io n  p ro c e s s .  In  th e  f ib ro u s  p ro c e s s  s u f f i c i e n t
n o n -s o lv e n t i s  p r e s e n t  in  o rd e r  to  p re v e n t th e  p ro d u c t from  d is s o lv in g
in  th e  r e a c t io n  m ix tu re ,  and a  f ib ro u s  p ro d u c t i s  th u s  o b ta in e d .  In  th e
s o lu t io n  p ro c e s s  th e  p ro d u c t d is s o lv e s  a s  i t  i s  form ed. In  g e n e ra l  i t
i s  n e c e s s a ry  to  a c t i v a t e  th e  c e l lu lo s e  b e fo re  a c y la t io n  and t h i s  may
(12)in v o lv e  some s w e ll in g  o f  th e  f i b r e s .
C arb o x y lic  e s t e r i f i c a t i o n  o f  c e l lu lo s e  i s  accom panied by 
d e g ra d a tio n  o f  th e  c e l lu lo s e  c h a in s .  In  th e  d e g ra d a tio n  p ro c e s s  th e  
bonds betw een g lu c o s id e  u n i t s  a r e  b roken  random ly and th e  av e ra g e  
c h a in  le n g th  o f  th e  c e l lu lo s e  i s  d e c re a se d . The r a t e  o f  d e g ra d a tio n  
d u rin g  e s t e r i f i c a t i o n  depends on th e  r e a c t io n  c o n d i t io n s ;  th e s e  a re  
te m p e ra tu re , c a t a l y s t ,  c a t a l y s t  c o n c e n tr a t io n ,  ty p e  o f  c e l l u l o s e ,  
n a tu re  o f  s o lv e n t  and co m p o sitio n  o f  th e  r e a c t io n  m ix tu re .  The c o n t ro l  
o f  d e g ra d a tio n  d u r in g  e s t e r i f i c a t i o n  i s  o f  c o n s id e ra b le  im p o rtan ce  in
(13)th e  p r e p a r a t io n  o f  a good q u a l i ty  o f  c e l l u lo s e  e s t e r .  B y te n s k i i  e t  a l .  
have s tu d ie d  th e  d e g ra d a tio n  o f  c e l lu lo s e  d u r in g  a c e ty la t io n  and th e  
r e l a t i o n s h ip  betw een th e s e  tw o. They w ere in t e r e s t e d  to  f in d  o u t 
w hether d e g ra d a tio n  ta k e s  p la c e  in  th e  u n co n v erted  c e l l u l o s e ,  a t  th e  
s t a r t  o f  th e  r e a c t io n ,  o r  in  th e  formed c e l lu lo s e  t r i a c e t a t e  c h a in s ,  
and w hether d e g ra d a tio n  and a c e ty la t io n  o ccu r s im u lta n e o u s ly . They 
found th e  r e l a t i o n s h ip  betw een ^  and DS to  be a  l i n e a r  o n e , and 
concluded  t h a t  d e g ra d a tio n  does n o t o ccu r in  th e  u n co n v e rted  c e l l u l o s e ,  
b u t o n ly  in  th e  a c e ty la te d  c e l lu lo s e .  Both a c e ty la t io n  and d e g ra d a t io n  
o c c u rre d  s im u lta n e o u s ly  and th e  a u th o rs  w ere a b le  to  c a l c u l a t e  th e  
l im i t in g  DP from  th e  d eg ree  o f  s u b s t i t u t i o n  o b ta in e d .
Owing to  th e  p o ly d i s p e r s i ty  o f c e l lu lo s e  and c e l lu lo s e  d e r iv a t iv e s
(M /M > 1 ), i t  i s  d e s i r a b le  f o r  m o le c u la r  w e ig h t c h a r a c t e r i z a t i o n  to  w n
m easure b o th  th e  number -  a v e ra g e  m o le c u la r  w e ig h t (Mn ) and w e ig h t-  
a v e ra g e  m o le c u la r  w e ig h t (M .^) • c e r t a i n  c a s e s  th e  Z -av e rag e  
m o le c u la r  w e ig h t (Mz) and v i s c o s i t y  -  a v e ra g e  m o le c u la r  w e ig h t ( lO  
a re  found to  be u s e f u l .  The m o le c u la r  w e ig h t a v e ra g e s  can be d e f in e d  
by th e  fo llo w in g  e q u a t io n s ,  w here i s  th e  number o f  m o le c u le s  w ith
m o le c u la r  w e ig h t M  ^ and a  i s  th e  Mark-Houwink exponen t (se e  C h a p te r  V II ) -
H  = ZN. M ./Z N . M = ZN. M .2 /Z N , M,a  1 1 1  w 1 1  1 1
(1 . 2)
M = ZN. M .3 /Z N . M . 2 M = fzN . M ( 1+ a ) /Z N . M . l 1 /aZ 1  1  1 1  v- . L 1  • 1  1  l j
C o n v en tio n a l m ethods f o r  m o le c u la r  w e ig h t d e te rm in a t io n  such  a s
osmometry (Mn ) ,  v is c o m e try  (M^, M & M^) and l i g h t  s c a t t e r i n g  (M^) hav e
been  employed f o r  c e l l u l o s e  and c e l lu o s e  d e r i v a t i v e s .  A new te c h n iq u e
more r e c e n t ly  a v a i l a b l e  i s  g e l  p e rm e a tio n  ch rom atography  (GPC) w hich
e n a b le s  b o th  M and M to  be c a l c u la te d  d i r e c t l y  from  th e  m o le c u la r  n  w
w e ig h t d i s t r i b u t i o n .  C e l lu lo s e ,  b eca u se  o f  i t s  i n s o l u b i l i t y  i n  o r d in a r y  
s o lv e n ts  ( th e  u s u a l  c e l l u l o s e  s o lv e n t s  a r e  aqueous s o lu t io n s  o f  
cuprammonium h y d ro x id e , c u p r ie th y le n e d ia m in e  h y d ro x id e , o r  iro n -so d iu m  
t a r t r a t e )  and h ig h  s u s c e p t i b i l i t y  to  d e g ra d a t io n  i s  a  d i f f i c u l t  po lym er 
f o r  m o le c u la r  w e ig h t d e te rm in a t io n .
CELLULOSE PROPIONATE
C e llu lo s e  P ro p io n a te  was f i r s t  p re p a re d  by D rey fus and S c h n e id e r  
in  1931. Many m ethods have been  em ployed f o r  i t s  p r e p a r a t io n ,  a l l  o f  
w hich a re  b ased  on th e  e s t e r i f i c a t i o n  o f  c e l l u l o s e  by th e  a c t i o n  o f  
p ro p io n ic  an h y d rid e  o r  p ro p io n y l c h lo r id e  in  th e  p re se n c e  o f  a  c a t a l y s t .- 
A u n ifo rm ly  s u b s t i tu t e d  p ro d u c t o f  any g iv e n  p ro p io n y l c o n te n t ,  may be 
p re p a re d  by p a r t i a l  h y d r o ly s is  o f  c e l l u l o s e  t r i p r o p io n a te  u n d e r  c e r t a i n  
c o n d i t io n s .  P e tr o p a v lo v s k i i  and R a k h m a n b e rd ie v ^ '^  s tu d i e d . th e
e x te n s iv e  h y d ro ly s is  o f  c e l l u lo s e  t r i p r o p io n a te  d is s o lv e d  in  
p ro p io n ic  a c id ,  to  w hich some w a te r  was added , u s in g  h y d ro c h lo r ic  
a c id  as c a t a l y s t .  They d e te rm in e d  th e  s o l u b i l i t y  l i m i t s  o f  h y d ro ly sed  
c e l lu lo s e  p ro p io n a te  in  d i f f e r e n t  mixed s o lv e n ts  and found ( in  c o n t r a s t  
to  th e  a c e ta te )  t h a t  c e l lu lo s e  p ro p io n a te  w ith  any d eg ree  o f  
p ro p io n y la t io n  i s  in s o lu b le  in  w a te r .  They a l s o  r e p o r te d  r a t e  
c o n s ta n ts  f o r  th e  h y d ro ly s is  p ro c e s s  a s  w e ll as th e  d e g ra d a tio n  
p ro c e s s  w hich a ls o  to o k  p la c e .  In  g e n e ra l  n o t much r e s e a r c h  h as  been 
c a r r i e d  o u t on c e l lu lo s e  p ro p io n a te  a s  compared to  th e  a c e t a t e .  In  
c o n s id e r in g  c e l lu lo s e  p ro p io n a te  and a c e t a t e ,  th e  fo rm er h as  a p ro p io n y l 
group w hich i s  more b u lk y  th a n  th e  a c e ty l  g ro u p . Thus c e l lu lo s e  
p ro p io n a te  i s  ex p ec ted  to  have a low er m e ltin g  p o in t  and b e t t e r  
s o l u b i l i t y .  In  f a c t  c e l lu lo s e  t r i p r o p io n a te  d is s o lv e s  o r  s w e lls  in  many 
more s o lv e n ts  th a n  th e  c o rre sp o n d in g  t r i a c e t a t e .
C e l lu lo s e  p ro p io n a te  i s  a v a lu a b le  th e rm o p la s t ic  and i t s  f u l l
(16}i n d u s t r i a l  u t i l i z a t i o n  began in  1955. B a l l  has s tu d ie d  th e  
p h y s ic a l  and chem ical p r o p e r t i e s  o f  c e l l u lo s e  p ro p io n a te  and compared i t  
w ith  o th e r  c e l lu lo s e  e s t e r s  such  a s  a c e ta t e  and b u ty r a t e .  As th e  number 
o f  carb o n  atoms in  th e  a c y l group o f  th e  e s t e r  in c r e a s e s ,  b o th  i t s  
s e n s i t i v i t y  to  m o is tu re  and h a rd n e ss  d e c r e a s e s ,  and l e s s  p l a s t i c i z e r  i s  
th e r e f o r e  r e q u ir e d .  T h is  a u th o r  found c e l lu lo s e  p ro p io n a te  to  have a  . 
v e ry  d e s i r a b le  m o is tu re  s e n s i t i v i t y  and r i g i d i t y ,  c o rre sp o n d in g  to  th e  
mixed e s t e r  c e l lu lo s e  a c e t a t e - b u ty r a t e .  The p e rc e n ta g e  o f  w a te r  
abso rbed  by c e l lu lo s e  p ro p io n a te  ranged  from  1 .0  to  1 .7 .  C e l lu lo s e  
p ro p io n a te  i s  a v e ry  s t a b l e  c e l lu lo s e  e s t e r  and , l i k e  o th e r  c e l l u lo s e  
p l a s t i c s ,  can be p l a s t i c i z e d  and m o d ified  in  v a r io u s  w ays. C e l lu lo s e  
p ro p io n a te  shows e x c e l le n t  b e h a v io u r u n d er in je c t io n -m o ld in g ,  i t  s o f te n s  
b e t t e r  th a n  c e l lu lo s e  a c e ta t e  and flow s more e a s i l y .  C rane and W illiam s 
re p o r te d  s im i la r  p r o p e r t i e s  f o r  th e  t r i p r o p io n a te  and p o in te d  o u t i t s
(18)s u i t a b i l i t y  f o r  com m ercial m old ing  m a ch in es . P a i s t  and Jo n es  
have g iv e n  a  l i s t  o f  a p p l i c a t io n s ,  d e t a i l e d  c h a r a c t e r i s t i c s ,  and 
ad v an tag es  o f  c e l lu lo s e  p ro p io n a te  such  a s  i t s  im pact s t r e n g th ,  i t s  
e x c e l le n t  d im en sio n a l s t a b i l i t y ,  and s t i f f n e s s .  Flow te m p e ra tu re s  o f  
c e l l u lo s e  p ro p io n a te  ranged  from  162° to  174°C and i t s  m olding 
te m p e ra tu re  ranged  from  171° to  207°Co Some a p p l ic a t io n s  o f  c e l l u lo s e  
p ro p io n a te  a r e  to  be found in  fo u n ta in  p e n s , te le p h o n e s ,  r a d io  c a b in e ts ,  
and a p p lia n c e  knobs and d i a l s .
CHAPTER I I  
ANALYSIS OF CELLULOSE PROPIONATE
INTRODUCTION
T his  c h a p te r  d is c u s s e s  th e  m ethods used  f o r  d e te rm in a tio n  o f  th e  
d eg ree  o f  p ro p io n y la t io n  and a n a ly s i s  o f  c e l lu lo s e  t r i p r o p io n a t e ,  and 
d e s c r ib e s  th e  m ethods a c t u a l l y  u se d . The d eg ree  o f  p ro p io n y la t io n  
can be e x p re s se d  in  te rm s o f  p e rc e n ta g e  o f  com bined p ro p io n ic  a c id ,  
p e rc e n ta g e  p ro p io n y l c o n te n t  o r  number o f  s u b s t i t u t e d  h y d ro x y l g roups 
p e r  g lu c o se  u n i t  (d eg ree  o f  s u b s t i t u t i o n ;  D S). The two b a s ic  methods 
w hich g e n e ra l ly  have been  employed f o r  d e te rm in a tio n  o f  d eg ree  o f  
e s t e r i f i c a t i o n  o f  c e l lu lo s e  e s t e r s  a r e  d i r e c t  s a p o n i f i c a t i o n ,  and 
in f r a r e d  a b s o rp t io n  sp e c tro sc o p y .
S a p o n if ic a t io n  Method
(19)Genung and M a l la t t  d e te rm in ed  th e  combined a c y l c o n te n t o f  
c e l lu lo s e  o rg a n ic  e s t e r s  by h y d ro ly s is  in  a  0 .2 5  N s o lu t io n  o f  sodium 
h y d ro x id e  in  95% e th y l  a lc o h o l f o r  16-48 h o u rs ,  a t  te m p e ra tu re s  l e s s  
th a n  35°C. The amount o f  r e a c te d  sodium h y d ro x id e  was e s tim a te d  by 
back  t i t r a t i o n  w ith  h y d ro c h lo r ic  a c id .
H ow lett and M a rtin  have employed th r e e  m o d ified  m ethods f o r  
d e te rm in a tio n  o f  a c e t i c  a c id  c o n te n t o f  undyed a c e ta t e  ra y o n , dyed 
a c e ta t e  ra y o n , and c e l lu lo s e  a c e ta te s  w hich a re  d i f f i c u l t  to  h y d ro ly s e . 
In  th e  a n a ly s i s  o f  undyed a c e ta t e  ray o n , h y d o ly s is  to o k  p la c e  in  e x c e ss  
sodium h y d ro x id e  s o lu t io n  and th e  amount o f  r e a c te d  sodium  h y d ro x id e  
was d e te rm in ed  by t i t r a t i o n .  In  t h i s  method o f  a n a ly s i s  sodium 
c h lo r id e  s o lu t io n  was used  in  o rd e r  to  av o id  th e  fo rm a tio n  o f  
g e la t in o u s  lumps o f  re g e n e ra te d  c e l lu lo s e  w hich p re v e n t p ro p e r  
p e n e t r a t io n  o f  th e  r e a g e n ts .  F ib ro u s  and h ig h ly  a c e ty la te d  c o t to n s ,  
w hich a r e  d i f f i c u l t  to  w e t, w ere an a ly se d  in  a l c o h o l ic  p o ta siu m  
h y d ro x id e  s o lu t io n  w ith o u t u s in g  sodium c h lo r id e  s o lu t io n .  T h is
s a p o n i f ic a t io n  method sho u ld  be a p p l ic a b le  f o r  c e l lu lo s e  p r o p io n a te .
I n f r a r e d  A b so rp tio n  SpectroScO py
T h is  te c h n iq u e  i s  n o t  o n ly  used  f o r  id e n t i f y in g  and m easu rin g  th e
d eg ree  o f  e s t e r i f i c a t i o n  o f  c e l lu lo s e  e s t e r s ,  b u t i t  a l s o  g iv e s  u s e f u l
in fo rm a tio n  c o n ce rn in g  hydrogen  bond ing  and c r y s t a l l i n i t y .  C e l lu lo s e
e s t e r s  have been  used  f o r  IR sp e c tro sc o p y  in  such form s a s  f i lm  (by
c a s t in g  on g la s s  p l a t e s  w ith  a p p ro p r ia te  s o lv e n t s ) , d is c  (KBr o r  KG1),
p re s se d  f ib ro u s  (w ith o u t su p p o r tin g  m edium ), o r  in  s o lu t io n .
( 21)Jack so n  h as  g iv e n  a  p r e c i s e  method f o r  d e te rm in a tio n  o f  t o t a l
h yd roxy l c o n te n t  o f  c e l l u lo s e  e s t e r s  by n e a r  in f r a r e d  s p e c tro s c o p y .
He o b ta in e d  two c a l i b r a t i o n  cu rv es  f o r  c e l lu lo s e  mixed e s t e r s  and
c e l lu lo s e  t r i a c e t a t e  ( s o lu t io n  in  1 , 1 , 2 , 2  -  t e t r a c h l o r o e th a n e ) ,
by m easuring  th e  d i f f e r e n c e  in  ab so rb an ce  betw een th e  -  OH group
(1440 n m)and -CH group (1400 ± 10 n m ). Jackson  a ls o  gave th e
c a l ib r a t i o n  cu rv e  f o r  c e l lu lo s e  t r i a c e t a t e  in  p y r id in e  as  s o lv e n t .
(22)M itc h e ll  e t  a l .  have found p y r r o le  to  be a  s u i t a b le  s o lv e n t  
f o r  th e  d e te rm in a tio n  o f  a c e ty l  c o n te n t  o f  c e l lu lo s e  a c e t a t e ,  from  
35 to  44.8% a c e ty l ,  by n e a r  in f r a r e d  s p e c tro s c o p y .
Owing to  th e  n o n u n ifo rm ity  o f  th e  h e te ro g en eo u s  e s t e r i f i c a t i o n  
o f  c e l l u lo s e ,  p ro d u c ts  w ith  low a c y l c o n te n ts  a r e  n o t s o lu b le  in
(23)common s o lv e n ts  and a re  d i f f i c u l t  to  a n a ly se  in  s o lu t io n .  H ig g in s  
h as su g g es ted  u s in g  a  p o ta ss iu m  c h lo r id e  d is c  f o r  a n a ly s i s  o f  f ib r o u s  
c e l l u lo s e .  He p r e f e r r e d  t h i s  a l k a l i  h a l id e  to  p o ta ss iu m  brom ide 
becau se  o f  i t s  low er ch em ica l r e a c t i v i t y  and h y g ro s c o p ic i ty .  H ig g in s  
has p ro v id ed  a  r e l a t i o n s h ip  betw een th e  a c e ty l  c o n te n t  o f  c e l l u l o s e  
a c e ta t e s  and t h e i r  o p t i c a l  d e n s i t i e s ,  by m easuring  th e  p e rc e n ta g e  
a b s o rp tio n  o f C=0 and C-0 s t r e t c h in g  and C-CH^ d e fo rm a tio n  b a n d s .
He has a ls o  g iv en  a  c o rre sp o n d in g  r e l a t i o n s h ip  f o r  c e l lu lo s e
p ro p io n a te s  and b u ty r a t e s  by o n ly  m easu rin g  th e  p e rc e n ta g e
a b s o rp t io n  o f  C = 0 s t r e t c h i n g  v i b r a t i o n .
In  th e  p r e p a t io n  o f  a  c e l l u l o s i c - a l k a l i  h a l id e  d i s c ,  th e  f i b r e s
sho u ld  be  ground o r  c u t  so t h a t  th e y  w i l l  be o r i e n t a te d  random ly .
(24)T h is  te c h n iq u e  was f u r t h e r  d e v e lo p ed  by K nigh t e t  a l .  w here
th e  sp ec tru m  was o b ta in e d  from  a  p re s s e d  th i n  la y e r  o f  p a r a l l e l  f i b r e s  
a lo n e .  S u i ta b le  d e v ic e s  w ere c o n s tr u c te d  f o r  t h i s  te c h n iq u e  u s in g  a  
P e rk in -E lm e r KBr p e l l e t  p r e s s .  The s p e c t r a  o f  c o t to n  and c e l lu lo s e  
f ib r o u s  a c e ta t e  and t r i a c e t a t e ,  u s in g  t h i s  m ethod, have been  g iv e n  by 
K n igh t e t  a l .
(25)
Zhbankov i n  a  s tu d y  o f  th e  i n f r a r e d  s p e c tro c o p y  o f
p o ly c a rb o h y d ra te s  h a s  g iv e n  th e  sp ec tru m  o f  a  t h i n  f i lm  o f  c e l l u lo s e  
t r i p r o p io n a te  form ed from  s o lu t i o n  by s o lv e n t  e v a p o ra t io n .
S to ic h io m e tr ic  R e la t io n s h ip s  f o r  C e l lu lo s e  P ro p io n a te
The s ta n d a rd  c a s e s  to  b e  found  in  th e  p ro p io n y la t io n  o f  c e l l u lo s e  
a r e  w here on e , tw o, o r  th r e e  h y d ro x y l g roups in  each  g lu c o se  u n i t  a r e  
p ro p io n y la te d .  T ab le  2 .1  shows th e  d e g re e  o f  p ro p io n y la t io n  and 
t h e o r e t i c a l  a n a ly s i s  v a lu e s  f o r  c e l l u l o s e  p ro p io n a te  in  each  o f  th e s e  
c a s e s .
T ab le  2 .1  -  S to ic h io m e tr ic  A n a ly s is  o f  C e l lu lo s e  P ro p io n a te
P o ly c a rb o h y d ra te DS M ol.W t.
c e l lo b io s e
u n i t
Wt.%
P rop iony ;
Wt.%
P ro p io n ic
a c id
Moles 
P ro p io n ic  
a c id  p e r  g 
c e l lu lo s e
Wt.
% C.
C e l lu lo s e . 324.292 - " - 44 .445
C e l lu lo s e
m onopropionate
1 436.422 26.155 33 .949 4 .5 8 3 x l0 3 49 .539
C e l lu lo s e  - 
d ip ro p io n a te
2 548 .552 41.617 54 .019 7 .2 9 2 x l0 “ 3 5 2 .5 5 0
C e l lu lo s e
t r i p r o p io n a te
3 660.682 51.831 - 67 .277 9 .0 8 2 x l0 ~ 3 54 .539
The d eg ree  o f  s u b s t i t u t i o n  o f  c e l l u lo s e  p ro p io n a te  can  be o b ta in e d  from  
th e  p e rc e n ta g e  o f  combined p ro p io n ic  a c id  u s in g  th e  r e l a t io n s h ip
162.146 (wt.% p ro p io n ic  a c id )__________  (2 .1 )
7408.1 -  56.065 (wt.% p ro p io n ic  a c id )
The p ro p io n ic  a c id  c o n te n t o f  a  c e l l u lo s e  p ro p io n a te  i s  d i r e c t l y  
r e l a t e d  to  th e  p e rc e n ta g e  o f  each  e lem en t p r e s e n t  a s  in  th e  r e l a t i o n s h ip  
wt.% p ro p io n ic  a c id  = 6 .6657 (wt.%C) -  296.2634 (2 .2 )
EXPERIMENTAL METHODS
S a p o n if ic a t io n  Method
The H o w ie tt-M artin  method w ith  a  s l i g h t  m o d if ic a t io n  was employed 
as fo llo w s . Between 0 .2 5  -  0 .4 0 g . c e l l u lo s e  p ro p io n a te  was p la c e d  in  
a w eigh ing  b o t t l e  and d r ie d  in  a  vacuum oven a t  100°C. I t  was th e n  
im m ed ia te ly  s to p p e re d  to  p re v e n t any w a te r  a b s o rp t io n ,  co o led  in  a 
d e s ic a to r  and a c c u ra te ly  w eighed . The sam ple was th e n  t r a n s f e r r e d  to  
a 150 m l. c o n ic a l  f l a s k  to  w hich was added 5 ml o f  a b s o lu te  e th a n o l ,  
to  f a c i l i t a t e  w e tt in g  o f  th e  sam ple by th e  aqueous s a p o n i f i c a t io n  
s o lu t io n .  Then . 15 m l. o f  an  a p p ro x im a te ly  norm al KOH s o lu t io n  in  a 
50% v /v .  w a te r -e th a n o l o r  w a te r-m e th an o l m ix tu re  was added . T h is  
r e a c t io n  m ix tu re  was l e f t  to  s ta n d  o v e rn ig h t a t  room te m p e ra tu re  to  
com plete  th e  h y d r o ly s is .  P re lim in a ry  ex p e rim e n ts  showed t h i s  to  be 
an ad eq u a te  p e r io d  o f  tim e . 15 m l. o f  a p p ro x im a te ly  norm al s u lp h u r ic  
a c id  was added to  n e u t r a l i z e  th e  u n re a c te d  p o ta ss iu m  h y d ro x id e , and 
ex ce ss  s u lp h u r ic  a c id  was d e te rm in e d  by back  t i t r a t i o n  w ith  N/10 
sodium hy d ro x id e  s o lu t io n ,  under an a tm o sp h ere  o f  n i t r o g e n ,  i n  th e  
p re se n c e  o f  p h e n o lp h th a le in  i n d i c a to r .  The n o rm a lity  o f  th e  s u lp h u r ic  
a c id  was alw ays s l i g h t l y  g r e a te r  th a n  t h a t  o f  th e  p o ta ss iu m  h y d ro x id e  
s o lu t io n .  The o r ig i n a l  ex cess  amount o f  s u lp h u r ic  a c id  was m easured
by c a r r y in g  o u t a b la n k  ru n  in  th e  absence  o f  c e l lu lo s e  p ro p io n a te .
S in ce  i t  was im p o rta n t to  ta k e  th e  same amount o f  KOH s o lu t io n  and 
s u lp h u r ic  a c id  s o lu t io n  f o r  each  a n a l y s i s ,  th e s e  w ere a c c u r a te ly  w eighed 
in to  th e  s o lu t io n  r a t h e r  th a n  add ing  them by volum e. The p ro p io n ic  a c id  
c o n te n t o f  sam ples was c a lc u la te d  from  th e  r e l a t i o n s h ip
 ^ or • • j 7 .408 (V -  v) f 9 ^w t. % p ro p io n ic  a c id  = ---------- —-----------x ^
w here V i s  th e  a c tu a l  t i t r e  in  m l . ,  v  i s  th e  b la n k  t i t r e  in  m l . ,  N i s  th e  
n o rm a lity  o f  sodium  h y d ro x id e  s o lu t io n  and W i s  th e  w eig h t o f  c e l lu lo s e  
p ro p io n a te  ta k e n .
I n f r a r e d  S p ec tro sco p y
T h is  method was used  f o r  th e  q u a l i t a t i v e  a n a ly s i s  o f  f u l l y
p ro p io n y la te d  c e l lu lo s e  sam p les. S p e c tra  w ere o b ta in e d  from  sam ples in  th e
s o l id  p h ase  ( b o th  KBr and KCl d is c s  w ere u s e d ) , i n  a ca rb o n  t e t r a c h l o r i d e
su sp e n s io n  ( s i l i c a  c e l l s ) ,  and in  a c h lo ro fo rm  s o lu t io n .  The method o f
(24)d i r e c t l y  p re s s e d  c e l lu lo s e  f i b r e s ,  d e v ise d  by K nigh t e t  a l .  , was n o t  
used  b eca u se  th e  a p p ro p r ia te  d e v ic e s  w ere n o t a v a i l a b l e .  A P e rk in -E lm e r 
s p e c tro p h o to m e te r  (Model 577, 200-400 cm ^ ran g e ) was employed f o r  a l l  
a n a ly s e s .  Two s o lu t io n s  h av in g  c o n c e n tr a t io n s  o f  1 and 5% w/w w ere u se d , 
f o r  each  sam ple , in  a 0 .1  mm. :NaCl c e l l .  The s o lv e n t  sp ec trum  was 
e l im in a te d  by u s in g  a v a r ia b le  p a th  le n g th  c e l l  f i l l e d  w ith  c h lo ro fo rm  in  
th e  r e f e r e n c e  beam. The KBr and KG1 d is c s  w ere made from  th e  f i n e l y  ground 
d r ie d  s a l t  ( c a .  0 .3  g . ) ,  and abou t 2 mg. o f  c e l l u lo s e  t r i p r o p io n a t e .  The 
s p e c tr a  o b ta in e d  from  th e  su sp e n sio n  o f  c e l lu lo s e  t r ip r o p io n a te  in  CCl^ w ere 
l im i te d  to  th e  2500-4000 cm ^ range  becau se  o f  th e  s i l i c a  c e l l .
TYPICAL RESULTS AND DISCUSSION
Q u a n t i ta t iv e  A n a ly s is
The s a p o n i f i c a t i o n  method a s  a p p l ie d  to  th e  d e te rm in a t io n  o f  
th e  d eg ree  o f  p ro p io n y la t io n  p roved  to  be q u i t e  s a t i s f a c t o r y  and 
p r e c i s e .  R epeated  a n a ly se s  o f  a  hom ogeneously p ro p io n y la te d  c e l lu lo s e  
showed v e ry  c lo s e  ag reem en t, and th e  maximum d i f f e r e n c e  o b se rv ed  betw een 
two sam ples was n e v e r  g r e a t e r  th a n  0.25% p ro p io n ic  a c id  c o n te n t .  T ab le  
2 . 2  shows t y p i c a l  a n a l y t i c a l  r e s u l t s  f o r  a  f ib r o u s  c e l l u l o s e  t r i p r o p io n a te .
T ab le  2 .2  -  T y p ic a l S a p o n if ic a t io n  A nalyses F o r C e l lu lo s e  T r ip ro p io n a te
Sa
m
pl
e
W ( g .) V (m l.) v (m l. ) N Wt.% P ro p io n ic  a c id
1 0.38432 36 .27 2 .03 0.1016 67 .056
2 0.35677 33.81 it it 67 .044  Mean = 67 .02± 0 .05
3 0 .37291 35.21 it ii 66 .968
The com bustion  m ic ro a n a ly s is  method was a l s o  i n v e s t ig a t e d  f o r  
c o n f irm a tio n  o f  th e  s a p o n i f i c a t io n  r e s u l t s .  T h is  m ethod o f  a n a ly s i s  i s  
n o t as p r e c i s e  a s  th e  s a p o n i f i c a t io n  method f o r  d e te rm in a t io n  o f  d eg ree  o f 
p r o p io n y l a t i o n . . M icro a n a ly s i s  in v o lv e s  a  0.25% s ta n d a rd  e r r o r  w hich 
g e n e ra te s  a  1.7% e r r o r  in  th e  p e rc e n ta g e  o f  p ro p io n ic  a c id .  T ab le  2 .3  
shows a com parison  betw een m ic ro a n a ly s is  r e s u l t s  and th e  c o rre sp o n d in g  
p ro p io n ic  a c id  p e rc e n ta g e s  o b ta in e d  by th e  s a p o n i f i c a t i o n  m ethod, w hich 
i l l u s t r a t e s  th e  r e l a t i v e  u s e fu ln e s s  o f  each  m ethod.
T ab le  2 .3  -  Com parison Between M ic ro a n a ly s is  and S a p o n if ic a t io n  
A n a ly s is  R e s u lts  For C e l lu lo s e  P ro p io n a te .,
wt.% P ro p io n ic  a c id 67013 66.79 66o59 6 6 039 6 6 . 1 2
wt o % C 54.36 54.58 54 o 38 5 4 .2 3 5 4 .2 8
wt.% H 6 .73 6 0 8 8 6 .81 6 . 6 8 6 .7 4
Q u a l i ta t iv e  S p e c tro s c o p ic  A n a ly s is
T y p ic a l IR s p e c t r a  o f  c e l lu lo s e  and f ib ro u s  c e l l u lo s e  t r i p r o p io n a te
w ith  a  p ro p io n ic  a c id  c o n te n t  o f  67o02%, a re  shown in  F ig c 2 .1  and F i g .2 .2 0
The spectrum  o f  th e  c o t to n  c e l lu lo s e  used  f o r  p r e p a r a t io n  and
p ro p io n y la t io n  r a t e  s tu d ie s  ( to  be d e s c r ib e d  l a t e r )  i s  g iv e n  h e re  to
show th e  e x te n t  o f  c r y s t a l l i n i t y  and f o r  com parison  w ith  th e  c e l lu lo s e
t r i p r o p io n a te .  Com parison o f  th e  i n t e n s i t y  o f  th e  bands a t  1430, 1162 and
895 cm ^ o f  t h i s  c e l l u lo s e  spec trum  w ith  th o se  s p e c t r a  o f  n a t iv e  and
(26)
m e rc e riz e d  c o t to n  c e l lu lo s e  . in d ic a te s  th e  c e l l u lo s e  in  th e  p r e s e n t
work to  be h ig h ly  c r y s t a l l i n e .  The w a te r  ab so rb ed  d u r in g  h a n d lin g  o f  th e  
a l k a l i  h a l id e  d is c s  i s  l a r g e ly  r e s p o n s ib le  f o r  th e  0-H band a t  3460 cm 
T h is  band i s  much l e s s  p rom inen t in  s o lu t io n .  In  th e  sp ec tru m  o f  • - ,
c e l lu lo s e  t r i p r o p io n a te  in  s o lu t io n  th e  peak a t  803 cm \  w hich  i s
. . . (27)c h a r a c t e r i s t i c  o f  th e  p ro p io n a te  group > can n o t be seen  b eca u se  th e
ch lo ro fo rm  a b so rb s  s t r o n g ly  in  t h i s  r e g io n .  T ab le  2 .4  t a b u la t e s  th e
p o s i t io n s  o f  th e  peak  maxima in  th e  IR spec trum  o f  c e l lu lo s e
t r ip r o p io n a te  w hich was used  in  th e  work d e s c r ib e d  l a t e r .
T ab le  2 .4  -  IR Peak Maxima For C e l lu lo s e  T r ip ro p io n a te
Wave number, cm ^ V ib ra tio n
3460 0-H s t r e t c h in g
2972 and 2875 C-H s t r e t c h in g  o f  CH  ^ group
2935 C-H s t r e t c h in g  o f  CH  ^ group
1748 C=0 s t r e t c h in g  (due to  e s t e r i f i c a t i o n )
1627 h 2°
1460 and 1418 C-H d e fo rm a tio n
1348 (a  s im i la r  peak in  c e l lu lo s e  a c e ta t e  h as  been)
(re c o g n ise d  as  C-CH^ d e fo rm a tio n  (23) )
1274 -
1160 and 1082 C -  0 s t r e t c h in g
880 C - H  d e fo rm a tio n  ( e th y l  in d ic a t io n )
803 (P ro p io n a te  group in d ic a t io n )
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CHAPTER I I I  
K IN ETIC STUDY OF THE HETEROGENEOUS 
PROPIONYLATION OF CELLULOSE
INTRODUCTION
F r ie d e l  -  C r a f t s  A c y la tio n
F r ie d e l - C r a f t s  a c y la t io n s  a re  a ty p e  o f  C -a c y la t io n  r e a c t io n
w hich o ccu rs  in  th e  p re s e n c e  o f  an a c y la t in g  a g e n t ,  such as  th e  a c id
h a l id e  o r  a c id  a n h y d r id e , and a s u i ta b le  c a t a l y s t .  F r i e d e l - C r a f t s
c a t a l y s t s  a re  ty p i c a l  Lew is a c id  ( e le c t r o n  a c c e p to r )  m e ta l o r
n o n -m eta l h a l id e s  such as  A lCl^ or BFg* The m ost common s o lv e n ts  used
(which do n o t  r e a c t  w ith  th e  a c y la t in g  a g e n t s ,  o r e l s e  t h e i r
r e a c t io n s  a re  n e g l ig ib l e  compared w ith  th e  r e a c t i v i t y  o f th e
su b s ta n c e  t o  be a c y la te d )  a re  carbon  d i s u lp h id e ,  n i t r o b e n z e n e ,
b e n z o n i t r i l e ,  b en ze n e , carbon  t e t r a c h l o r i d e ,  s y m - te t r a c h lo re th a n e ,
(28)m ethy lene c h lo r id e ,  and e th y le n e  c h lo r id e  .
A wide ran g e  of F r ie d e l - C r a f t s  c a t a l y s t s  e x i s t s ,  a lth o u g h  a 
g e n e ra l o rd e r  h a s  n o t been  found fo r  t h e i r  r e l a t i v e  e f f e c t iv e n e s s
in  a c y la t io n  w hich a p p l ie s  to  a l l  F r i e d e l - C r a f t s  c a t a l y s t s  under
. . (29)a l l  c o n d i t io n s .  Dermer e t  a l .  have g iv e n  an  o rd e r  o f  d e c re a s in g
e f f i c i e n c y  f o r  a number o f  m e ta l l i c  c h lo r id e s  in  th e  s y n th e s is
o f  p -m eth y lace to p h en o n e  from a c e ty l  c h lo r id e  and to lu e n e .  The
o rd e r  a t  optimum c o n c e n tr a t io n  and r e a c t io n  tim e (maximum y ie ld  o f
p ro d u c t)  f o r  each  c a t a l y s t  was as fo llo w s :
A1C1_ > SbCl_ > FeCl_ > TeCl0 > SnCl, > T iC l, > T eC l/ > BiCl„ > ZnCl03 5 3 2 4 4 4 3 2
Coleman e t  a l .  , i n  t h e i r  in v e s t ig a t io n  o f  th e  d eco m p o sitio n  o f
b e n z a z id e  i n t o  p heny l is o c y a n a te  and n i t r o g e n ,  o b ta in e d  a d i f f e r e n t
o rd e r  o f  e f f e c t iv e n e s s  fo r  t h e i r  F r i e d e l - C r a f t s  c a t a l y s t s  g iv e n  by
GaCl > AlBr_ > A1C1 > FeC l0 > SbClc > T iC l, > SnCl, > TeCl, > SbCln3 3 3 3 5 4  4  4 3
T h is o rd e r  was assumed to  be t h a t  o f d e c re a s in g  a c id  s t r e n g th s  fo r
th e se  c a t a l y s t s .
(31) . . .B urton  and P r a i l l  have s tu d ie d  a  m o d ifie d  F r i e d e l - C r a f t s
r e a c t io n  in v o lv in g  a s tro n g  a c id  c a ta ly s e d  a c y la t i o n  r e a c t io n  
(c o n v e rs io n  o f a n i s o le  to  p-m ethoxy a c e to p h e n o n e ) . They su g g es ted  
th a t  a c e ty liu m  io n s  ( th e  a c e ty l  c a t io n  CH^CO+) a re  formed in  th e  
s o lu t io n s  c o n ta in in g  p e r c h lo r ic  a c id  and a c e t i c  a n h y d rid e  a c c o rd in g  
to  th e  fo llo w in g  scheme
H+ (+ C10“ ) + Ac20 y  -------  Ac* (+G10~) + AcOH (3 .1 )
H+ + Ac20 y   —^  Ac2 0H+ -   Ac + AcOH (3 .2 )
AcOH2+ + Ac^O  -------- - Ac20H+ + AcOH — - -  Ac++2AcOH (3 .3 )
A cety lium  io n s  can  th e n  r e a c t  w ith  hyd ro x y l g roups a c c o rd in g  to
Ac+ + -OH-----------> -OAc+ H+ (3 .4 )
(32)B urton  and P r a i l l  have a l s o  employed a s o lu t io n  o f  z in c  
c h lo r id e  in  a c e t i c  an h y d rid e  o r  a c e ty l  c h lo r id e  a s  a  so u rce  o f  a c e ty liu m  
io n s . In g e n e ra l  th e  r o l e  o f  acy liu m  io n s  in  th e s e  r e a c t io n s  i s  as 
fo llo w s  (R -  a c y l  r a d i c a l s ) .
ZnCl2 + 2 (R .C 0)20 ---------* (R.CO)2++[ZnCl2 (O.COR)2 ]"“  (3 .5 )
For th e  a c e ty la t io n  o f  a n is o le  th e s e  a u th o rs  p roposed  th e  m echanism :
Aco++[Zn01 (0A c)o ]~+ 2 PhOMe * 20Me.C,H, .COMe + Ho++[Z nC lo (0A c)o ]~Z Z Z  5 4  2 Z 2 .
H2++[ZnC l2 (OAc)2 ] " " ---------2 AcOH + ZnCl2 (3
They found z in c  c h lo r id e ,  in  t h i s  C - a c e ty la t io n  r e a c t i o n ,  t o  be 
a more e f f i c i e n t  c a t a l y s t  th a n  alum inium  c h lo r id e .  The low er e f f i c i e n c y  
o f  alum inium  c h lo r id e  was e x p la in e d  by th e  fo rm a tio n  of ace to x y a lu m in iu m  
d ic h lo r id e ,  (A1C12 .0Ac ) ,  in  s o lu t io n  which was in a c t iv e  a s  a c a t a l y s t ,  and 
i s  a s  shown by
A1C13 + Ac20  > A c+ [A1C13 .0 Ac] “  ( 3 .7 )
Ar H + Ac+ [A1C13 .0 Ac] “ -------- ^  Ar.CO Me + H+ [A1C13 .0Ac ]“  (3 .8 )
H+ [ A1C13 •OAc]”—— HC1 + A1C12 .OAc (3 .9 )
However th e r e  was no te n d en cy  in  t h i s  s o r t  o f  a c e ty la t io n  fo r  
d eco m p o sitio n  o f th e  c o rre sp o n d in g  z in c  complex ac c o rd in g  to  e i t h e r  
o f  th e  fo llo w in g  modes.
R2++ [ZnCl2 (OAc) 2] “ — :—> R Cl + R+ [Z nC K O A c^]”------>2 R Cl
+ Zn (OAc) 2 (R = H or Ac) (3 .1 0 )
An in v e s t ig a t io n  o f  th e  fo rm a tio n  o f so lv o a c id s  from  a la rg e
number o f Lewis a c id s ,  and so lv o b a se s  from  o rg a n ic  t e r t i a r y  b a se s
( e .g .  p y r id in e  and q u in o l in e )  in  a c e t ic  an h y d rid e  s o lu t io n  h a s  been
(33)re p o r te d  by Paul e t  a l .  . E l e c t r i c a l  c o n d u c t iv i ty  m easurem ents
on s o lu t io n s  o f d i f f e r e n t  a c id - s o lv e n t  and b a s e r s o lv e n t  r a t i o s  showed 
t h a t  s o lv a te s  o f  d i f f e r e n t  co m p o sitio n s  were form ed. Some o f th e  
s o lv a te s  w ere i s o l a t e d  and an a ly se d  and had th e  co m p o sitio n s  
T iC l4 .2(CH3C0)20 (m .p. 86°C) SbCl5 . (CH CO) 0 (m .p. 109°C, and
FeC l3 .(CH3C0)20 (m .p . 48°C ). A c id -b ase  n e u t r a l i z a t i o n  t i t r a t i o n s  were 
c a r r i e d  ou t betw een s o lu t io n s  o f Lewis a c id s  and o rg a n ic  t e r t i a r y  
b ases  i n  a c e t ic  a n h y d r id e . P au l e t  a l .  have in t e r p r e te d  th e  r e s u l t s  
o f a ty p i c a l  t i t r a t i o n  betw een a n t im o n y p e n ta c h lo r id e  and an 
o rg a n ic  t e r t i a r y  base  by  th e  fo llo w in g  scheme.
B + (CH3C0)20  B. (CH3C0)20 ^ = = = ^  B.CH3C0+ + CH^OO” (3 .1 1 )
SbCl5 . (CH3C0)20 ^ = ^ C H 3C0+ + (SbCl5 .CH3C 00)” (3 .1 2 )
B.CH3C0+ +(SbCl5 .CH3C00)"’ + B.CH3C0+ + CH^OO”-  > (CH C0)20
+ (B.CH CO. SbCl .CH C 00)^=±:B .C H  C0+ + SbClc .CH COO)” (3 .1 3 )3 5 3 3 5 3
T h e ir  r e s u l t s  a l s o  co n firm  th e  a u to io n iz a t io n  o f  a c e t i c  an h y d rid e
a c c o rd in g  to
(CH C 0 )2 0 ^ . >  CH C0+ + CH C 00~ ( 3 . 1 4 )
Such a  mechanism may a ls o  a p p ly  f o r  p ro p io n ic  an h y d rid e , s in c e  th e
a d d i t io n  com plex, . SnCl^ betw een s ta n n ic  c h lo r id e  and
(34)p ro p io n ic  an h y d rid e  h as  a l s o  been  p re p a re d  (P r = CH  ^ CH^ CO) .
K in e t ic s  o f H eterogeneous A c e ty la t io n  o f  C e l lu lo s e
The a c e ty la t io n  o f c e l l u l o s e  i s  a com plex p ro c e s s  in v o lv in g
in te rm e d ia te  compounds and many k i n e t i c  s tu d i e s ,  u s in g  v a r io u s
a c e ty la t io n  c o n d i t io n s  have b een  c a r r i e d  o u t .  T rea tm en t o f
c e l l u l o s e  w ith  a c e t i c  a n h y d rid e  a lo n e  i s  n o t s u f f i c i e n t  to  b r in g
ab o u t a c e ty l a t i o n  a t  room te m p e ra tu re ,  b u t by add ing  a c a t a l y s t
an in te rm e d ia te  i s  formed w hich e n a b le s  th e  r e a c t io n  to  p ro cee d .
(35)
Blume and Swezey o b serv ed  a  l a r g e  in c r e a s e  m  th e  r a t e  o f
u n c a ta ly s e d  a c e ty la t io n  u s in g  a c e t i c  a n h y d rid e  a t  r e f l u x  te m p e ra tu re ,  
when a  s o lv e n t was p re s e n t  in  a d d i t io n  to  a c e t i c  an h y d rid e . The 
r a t e  o f  c a ta ly s e d  o r u n c a ta ly s e d  a c e ty l a t i o n  changed f o r  d i f f e r e n t  
s o lv e n ts .
(36)McKenzie and H igg ins found th a t  a c e ty l a t i o n  of c e l l u l o s e  in
an a c e t i c  ah h y d rid e  -  p y r id in e  m ix tu re  fo llo w s  a f i r s t - o r d e r  s u r f a c e
(9)
mechanism f o r  th e  f i r s t  10% o f th e  r e a c t i o n .  The Sakurada and
(37) .C rank tr e a tm e n ts  f o r  d i f f u s i o n  c o n t r o l le d  r e a c t io n s  w ere
a p p l ic a b le  a f t e r  t h i s  i n i t i a l  s t a g e .  I t  was concluded  t h a t  i f  t h i s
a c e ty l a t i o n  was assumed to  be a m ic e lla r -h e te ro g e n e o u s  p ro c e s s ,  th e
r a t e  o f r e a c t io n  a f t e r  th e  i n i t i a l  s ta g e  co u ld  be e x p la in e d  by
a  d i f f u s io n  p ro c e s s .  P o s s ib le  r e t a r d a t i o n  o f a c e ty la t io n  co u ld
occur by hydrogen bonding o f a c e t i c  a c id  m o le c u le s  to  c e l l u l o s e ,
a n d /o r s t e r ic  h in d ra n c e  o f h y d ro x y l g roups by a c e ty l  g ro u p s . T hese
r e ta r d in g  mechanisms cou ld  b e  a p p l ie d  to  a  c e l l u l o s e  which had a
la r g e  i n i t i a l l y  a c c e s s ib le  p a r t .
/Oft)
F r i t h  s tu d ie d  th e  b eh a v io u r o f  wood p u lp  in  a n  a c e t i c
a n h y d rid e  -  m e th y le re c h lo r id e  -  p e r c h lo r ic  a c id  system  
and found th e  a c e t y l a t i o n  r e a c t io n  to  be  a  p seudo  f i r s t - o r d e r  one 
w ith  r e s p e c t  t o  th e  c e l l u lo s e  h y d ro x y l g ro u p s  p r e s e n t .  The e f f e c t  
o f  c o n c e n t r a t io n  o f  c a t a l y s t  and a c e t i c  a c i d ,  and th e  a c e t i c  
an h y d rid e  -  s o lv e n t  r a t i o  was in v e s t ig a te d  and a n  en e rg y  o f 
a c t i v a t i o n  o f  14 .5  k  c a l . /m o le  was r e p o r te d .  F r i t h  co n c lu d ed  t h i s  
to  b e  a  n o n - d if f u s io n  c o n t r o l le d  r e a c t io n  w ith  th e  c e l l u l o s e  
hyd rogen  bonds re m a in in g  in  th e  s t r u c t u r e  u n t i l  b ro k en  by  a c e ty l a t i o n .  
H is su g g e s te d  a c e t y l a t i o n  m echanism , in v o lv in g  p a r t i c i p a t i o n  o f  th e  
s o lv e n t  as a b a se  (B) and th e  c e l l u l o s e  hyd ro g en  bonds i n  th e
t r a n s i t i o n  s t a t e  i s  g iv e n  a s  fo l lo w s .  
'2Ac_0 —  ^  Ac* + AcO (3 .1 5 )
B + HCIO.— BH+ + C10“ (3 .1 6 )4 ^  4
BH+ + AcO~ ■•»» AcOH + B (3 .1 7 )
Ac+ + B  ^  > Ac+B (3 .1 8 )
Ac+B + ROH------ROAc + BH+ (3 .1 9 )
The f i n a l  s te p  in v o lv e s  th e  ap p ro ach  o f  an  a c e ty l  io n  to  th e
h y d ro x y l g roup o f c e l l u l o s e  fo llo w ed  by s im u lta n e o u s  t r a n s f e r  o f th e
d is p la c e d  p ro to n  t o  th e  s o lv e n t and th e  r u p tu r e  o f  a  hydrogen  bond
a s  shown by l
+ I  / H - " ~ e
Ac-----
I \
c - c v/  c - o - c  V  
~ % - o '  VG - /
The a c e t y l a t i o n  o f  c o t to n  c e l lu lo s e  w ith  a c e t i c  a n h y d rid e  and
p e r c h lo r ic  a c id  c a t a l y s t ,  in  e i t h e r  a c e t i c  a c id  o r is o p ro p y l
. (39 )a c e t a t e  s o lu t i o n ,  h as  been  shown by Conrad and H arb in k  t o  be
a  d i f f u s i o n  c o n t r o l le d  mechanism in  c o n t r a s t  t o  th e  e a r l i e r  c o n c lu s io n  
o f  F r i t h .
(40)Howard and P a r ik h  have used  b o th  ca rb o n  t e t r a c h l o r i d e  and
e th y l  e th e r  a s  ; n o n -s o lv e n ts  f o r  th e  a c e ty la t io n  o f  c o t to n
c e l lu lo s e  to  g iv e  a f ib r o u s  p ro d u c t .  A c e ty la t io n  was c a r r i e d  ou t
in  a c e t ic  an h y d rid e  -  a c e t i c  a c id  m ix tu re s  in  th e  p re s e n c e  o f
d i f f e r e n t  c o n c e n tr a t io n s  of s u lp h u r ic  a c id ,  p e r c h lo r ic  a c id ,  o r
z in c  c h lo r id e  a s  a c a t a l y s t s .  T h e ir  mechanism was b ased  on th e
(31 32)su g g e s tio n  by B urton  and P r a i l l  ’ t h a t  th e  a c e ty liu m  io n
(CH^C0+) was th e  e f f e c t i v e  a c e ty la t in g  a g en t in  th e  p re s e n c e  of
p e r c h lo r ic  a c id  o r z in c  c h lo r id e  c a t a l y s t s .  In  t h i s  m echanism  z in c
c h lo r id e  m igh t be ex p ec ted  to  g iv e  a  f a s t e r  r a t e  of a c e t y l a t i o n  th a n
p e r c h lo r ic  a c id  b u t th e  r e v e r s e  was found e x p e r im e n ta l ly .  Howard and
P a r ik h  ex p la in e d  t h i s  by p a r t i a l  i n a c t iv a t io n  o f z in c  c h lo r id e  due to
com plex fo rm a tio n  w ith  th e  e th e r e a l  oxygen o f th e  c e l l u l o s e  c h a in
(oxonium s a l t ) .  They proposed  th e  fo llo w in g  scheme f o r  s im u lta n e o u s
a c e ty la t io n  and s u lp h a t io n  of c e l l u lo s e  in  th e  p re se n c e  o f s u lp h u r ic
a c id .  + _ + -
H (+HS04) + Ac£0 —  ■ AcHS04 + AcOH (3 .2 0 )
-OH + Ac+HS0~ --------- ------- -  OAc + H2 S04 (3 .2 1 )
-OH + Ac+HS0 4 ------------- —>> -  0 -  S02#0H + AcOH (3 .2 2 )
E l e c t r i c a l  c o n d u c t iv i ty  and d e n s i ty  m ethods have been  u sed  by.; 
(41)
Akim to  in v e s t ig a t e  th e  mechanism o f  a c e ty l a t i o n  o f  c e l l u l o s e .
He concluded  t h a t  a c e ty la t io n  in  an  a c e t i c  an h y d rid e  -  m e th y le n e  
c h lo r id e  -  s u lp h u r ic  a c id  m ix tu re  o ccu rs  v ia  th e  in te r m e d ia te  
a c e ty l  su lp h u r ic  a c id  or c e l l u lo s e  s u lp h a te ,  and th e  r e a c t i v i t y  of 
th e  c e l l u lo s e  d e te rm in e s  w hich mechanism ta k e  p la c e .  Akim 
concluded  th a t  in  th e  p re se n c e  of a c e t i c  a c id  th e  c e l l u l o s e  f i r s t  
r e a c t s  w ith  s u lp h u r ic  a c id ,  and i s  th e n  t r a n s e s t e r i f i e d  from  
s u lp h a te  to  a c e ta te  th ro u g h  a s u lp h o a c e ta te  in te rm e d ia te  s ta g e .
Thus in  tfre p re se n c e  o f a c e t i c  a c id  th e  mechanism o f a c e t y l a t i o n  
does n o t depend on r e a c t i v i t y  of th e  c e l l u l o s e ,  w h ile  th e  r a t e  o f
r e a c t io n  depends m a in ly  on th e  r a t i o  o f s u lp h u r ic  a c id  to
c e l lu lo s e  b u t  n o t on th e  c o n c e n tr a t io n  o f c a t a l y s t  in  s o lu t i o n .
The r a t e  of a c e ty l a t i o n  o f  c e l l u lo s e  in  a f r e s h ly  p rep a red
a c e ty la t in g  b a th  was f a s t e r  th a n  in  an  aged one c o n ta in in g
p e r c h lo r ic  a c id .  From t h i s  Akim assumed th a t  p e r c h lo r ic  a c id  d o es
n o t r e a c t  w ith  a c e t i c  a n h y d rid e . He h as  a l s o  re p o r te d  d i f f e r e n t
v a lu e s  f o r  th e  a c e t y l a t i o n  r a t e  c o n s ta n t  f o r  d i f f e r e n t  c e l l u l o s e s .
A k in e t i c  s tu d y  o f th e  p a r t i a l  a c e ty la t io n  o f  s u lp h a te  p u lp s ,
in  th e  p re se n c e  o f p e r c h lo r ic  a c id  a s  c a t a l y s t ,  a t  d i f f e r e n t
. (42)te m p e ra tu re s  h as  been  c a r r i e d  o u t by H ernad i and V olgy i
They o b ta in e d  p s e u d o - f i r s t  o rd e r  p l o t s  w hich , in  th e  u n b leach ed
wood c e l l u l o s e ,  showed a  sudden d e c re a se  in  th e  r a t e  c o n s ta n t
b e fo re  20% o f th e  r e a c t i o n  had been  co m ple ted .
(43)
N a z a n n a  e t  a l- have compared th e  a c e ty la t io n  o f  c e l l u l o s e
w ith  th e  a c e ty l a t i o n  o f d i f f e r e n t  s t r u c t u r a l  m o d if ic a t io n s  o f
am ylose i n  a  homogeneous medium, c o n ta in in g  a c e t i c  a n h y d r id e ,
a c e t i c  a c id ,  d ic h lo ro m e th a n e , and p e r c h lo r ic  a c id  c a t a l y s t .  The
r a t e s  of a c e ty l a t i o n  o f th e  two am yloses b ra c k e tte d  th e  r a t e  o f
c e l lu lo s e  a c e ty l a t i o n .  Amylose w ith  h e l i c a l  c h a in s  and
in tra m o le c u la r  hyd rogen  bonds gave a much f a s t e r  r a t e  of
a c e ty la t io n  th a n  t h a t  h av in g  a l i n e a r  s t r u c t u r e ,  w ith  s tro n g
in te rm o le c u la r  hyd rogen  bonds.
The l a t e s t  s tu d y  o f th e  k i n e t i c s  and mechanism o f  c e l l u l o s e
(44)
a c e ty la t io n  was a p p a re n t ly  by P y a ta k in a  e t  al* . T hese w o rk e rs  
a c e ty la te d  a c t iv a t e d  c o t to n  c e l lu lo s e  in  a n  a n h y d r id e -a c e t ic  
m ix tu re  in  th e  p re se n c e  of p e r c h lo r ic  a c id  o r  s u lp h u r ic  a c id .  
P y a ta k in a  e t  a l .f o u n d  a c e ty la t io n  to  be a  pseudo f i r s t - o r d e r  
r e a c t io n  w ith  r e s p e c t  t o  th e  c e l lu lo s e  hyd roxy l g ro u p s .
A d i f f e r e n c e  in  r e a c t i v i t y  betw een  th e  p rim ary  and secondary  
h y d ro x y l g ro u p s o f c e l l u lo s e  m igh t be ex p ec ted  to  c a u se  some 
change in  th e  r a t e  c o n s ta n t  d u r in g  a c e ty l a t i o n ,  b u t  no such 
changes were o b se rv ed . I t  was th e r e f o r e  concluded  t h a t  th e  r a t e  
i s  a f f e c te d  m a in ly  by th e  p ack in g  o f th e  polym er c h a in s  when 
a c e ty la t io n  o c c u rs  under h e te ro g e n e o u s  c o n d i t io n s .  T h is  d i f f e r e n c e  
in  r e a c t i v i t y  became obv ious o n ly  in  th e  c a s e  o f  homogeneous 
a c e ty l a t i o n .  P y a ta k in a  e t  a l .p ro p o s e d  an  io n ic  a c e ty l a t i o n  mechanism  
in v o lv in g  th e  a c y l io n  in  th e  p re s e n c e  o f a s tro n g  a c id  c a t a l y s t ,
HX, a s  fo llo w s :
(CH3C0)20+ H X ^ = ^  (CH3CO)20'H+ x“  _ ^ C H 3C0+ X’  4- CH3COOH (3 .2 3 )  
c e l l u lo s e  + CH3CO+ X — ► re a c t io n  p ro d u c ts  (3 .2 4 )
K in e t ic s  of H eterogeneous P ro p io n y la t io n  o f C e l lu lo s e
L i t t l e  p re v io u s  work h as  been  c a r r i e d  ou t on th e  k i n e t i c s  o f
c e l lu lo s e  p ro p io n y la t io n  w hich , to  some e x t e n t ,  a p p e a rs  to  b e  m ore
(45)com plex th a n  a c e ty l a t i o n .  C h a t te r je e  and Conrad have
exam ined th e  p ro p io n y la t io n  o f c o t to n  c e l lu lo s e  i n  p ro p io n y l 
c h lo r id e  -  p y r id in e  m ix tu re s  a t  d i f f e r e n t  te m p e ra tu re s .  As th e  
e s t e r i f i c a t i o n  p ro g re s se d  th e  o rd e r  o f  r e a c t io n  (w ith  r e s p e c t  to  
hyd ro x y l) d e c re a se d  c o n tin u o u s ly  from  3 .2  to  1 .2 ,  when i t  rem ained  
c o n s ta n t  u n t i l  th e  end of th e  r e a c t io n .
D uring p ro p io n y la t io n  th e  o r ig i n a l  c r y s t a l l i n i t y  o f th e  
c e l l u lo s e  d e c re a se d  and a new c r y s t a l l i n e  m o d if ic a t io n  g r a d u a l ly  
d ev e lo p ed . These a u th o rs  b e l ie v e d  p r o p io n y la t io n  to  b e  p a r t i a l l y  
c o n t r o l le d  a t  f i r s t  by a  d i f f u s io n  p r o c e s s ,  b u t  once th e  o r ig i n a l  
c r y s t a l l i n i t y  of c e l l u lo s e  i s  d e s tro y e d  th e  p r o p io n la t io n  becomes 
a  pseudo f i r s t - o r d e r  chem ica l r e a c t io n .  The o rd in a ry  Sakurada
(9 )e q u a t io n  , f o r  a  d i f f u s io n  c o n t r o l le d  r e a c t io n  was n o t a p p l ic a b le "  
in  t h i s  sy stem . However, C h a t te r je e  and Conrad m o d ified  and 
ex ten d ed  th e  Sakurada e q u a t io n  by c o n s id e r in g  s im u lta n e o u s  
d i f f u s i o n  in to  th e  amorphous and c r y s t a l l i n e  re g io n s  as  w e ll  as 
th e  ch em ica l r e a c t io n .  T h is  ap p ro ach  was u s e f u l  in  e x p la in in g  some 
o f th e  c o n t r a d ic to r y  r e s u l t s  w hich have been  o b ta in e d  i n  d i f f e r e n t  
ty p e s  o f c e l l u lo s e  h e te ro g en eo u s  r e a c t io n s .
S ir c a r  e t  a l ^ ^  have s tu d ie d  th e  k i n e t i c s  o f  p r o p io n y la t io n  
o f  c o t to n  u s in g  p ro p io n y l c h lo r id e  in  a medium of p y r id in e  and 
d im ethy lfo rm am ide . V ario u s  d e g re e s  of s u b s t i t u t i o n  o f a  mixed 
p ro p io n a te  -  a  -  p ro p io n y l p ro p io n a te  e s t e r  w ere o b ta in e d ,  in  w hich 
th e  r a t e  o f  e s t e r i f i c a t i o n  was c o n t r o l le d  by  d i f f u s io n .  The 
Sakurada e q u a tio n  p lo t  fo r  t h i s  p ro p io n y la t io n  showed a  b re a k  a t  
DS ^  2 .0  and a t  th e  same DS v a lu e  th e s e  began  a  p ro g re s s iv e  lo s s  of 
c r y s t a l l i n i t y .  They concluded  th a t  th e  Sakurada p lo t  was made up 
o f two d i f f u s io n  r a t e  p ro c e s s e s  a c t in g  s im u lta n e o u s ly  in  th e  
amorphous and c r y s t a l l i n e  s u r fa c e  r e g io n s ,  r e s p e c t iv e l y .
An e x te n s iv e  s tu d y  o f th e  a c id  c a ta ly s e d  p ro p io n y la t io n  of
c e l l u l o s e ,  in v o lv in g  th e  e f f e c t s  of d i l u e n t ,  c a t a l y s t  c o n c e n t r a t io n ,
te m p e ra tu re ,  and co m p o sitio n  o f th e  e s t e r i f y i n g  b a th  h as  b een
(47 )c a r r i e d  o u t by T e ra sa k i . T h is  e s t e r i f  i c a t i o n  was o f a 
s im i la r  ty p e  o f p ro p io n y la t io n  used  in  th e  p r e s e n t  w ork. R efin ed  
l i n t e r s  p u lp , p ro p io n ic  an h y d rid e , s u lp h u r ic  a c id  a s  c a t a l y s t  and 
p ro p io n ic  a c id  o r d ich lo ro m eth an e  a s  d i l u e n t  w ere used  f o r  
p ro p io n y la t io n .  T e ra sa k i found a  h ig h e r  r a t e  o f e s t e r i f i c a t i o n  
in  d ic h lo ro m e th an e  compared to  p ro p io n ic  a c id .  He a t t r i b u t e d  t h i s  
to  th e  h ig h e r  s o lv e n t power o f  d ic h lo ro m e th a n e . C e l lu lo s e  s u lp h a te  
was form ed d u r in g  p ro p io n y la t io n ,  and T e ra s a k i p roposed  t h a t  
p ro p io n y la t io n  to o k  p la c e  v i a  an  e s t e r  exchange r e a c t io n  be tw een
c e l l u l o s e  s u lp h a te  and p ro p io n a te  a s  fo llo w s :
c e l l .  OH + H2 SO  ^  ► C ell. 0S03H + H20 (3 .2 5 )
c e l l .  0 S0o H + (CoH_C0)o 0  ► c e ll .  0C0CoH_ + C0H_ CO SO, H (3 .2 6 )3 2 5 2  2 5  2 5  4
As p ro p io n y la t io n  p ro g re s se d  th e  r e a c t io n  system  changed from  a
h e te ro g e n e o u s  to  a  homogeneous one; s i m i l a r l y ,  a s  th e  e s t e r i f i c a t i o n  
b a th  t o  c e l l u l o s e  r a t i o  was in c re a s e d ,  th e  r e a c t i o n  approached  a 
homogeneous one . An a tte m p t was made to  a p p ly  a  b im o le c u la r  
se c o n d -o rd e r  mechanism in v o lv in g  c e l lu lo s e  h y d ro x y l g roups and 
p ro p io n ic  a n h y d rid e , b u t t h i s  was a p p l ic a b le  o n ly  i n  th e  c a s e  when 
th e  r a t i o  of e s t e r i f i c a t i o n  b a th  to  c e l l u lo s e  exceeded  8 :1 .  
P ro p io n y la t io n s  i n  th e  d i l u e n t  m ix tu re s  o f p ro p io n ic  a c id  and 
d ic h lo ro m e th an e  w ere p red o m in an tly  c o n t r o l le d  by th e  e n th a lp y
t t(AH ) and e n tro p y  (AS ) o f a c t i v a t i o n ,  r e s p e c t iv e l y .  With
t td ic h lo ro m e th a n e  AH and u s u a l ly  AS f o r  p r o p io n y la t io n  w ere g r e a t e r  
th a n  th e  c o rre sp o n d in g  v a lu e s  fo r  p ro p io n ic  a c id  in  p la c e  o f  
d ic h lo ro m e th a n e . I t  was su g g es ted  t h a t  p o s s ib le  i n t e r a c t i o n  
betw een p ro p io n ic  a c id  and p ro p io n ic  an h y d rid e  in c re a s e s  th e  Ah"^  
v a lu e ,  w h ile  h ig h e r  s w e llin g  and s o l u b i l i t y  o f  p ro d u c ts  in
t
d ic h lo ro m e th a n e  would in c re a s e  th e  AS v a lu e .  T e ra s a k i  co n c lu d ed
th a t  th e  e s t e r i f i c a t i o n  r e a c t io n  p roceeded  h e te ro g e n e o u s ly  from
th e  s u r f a c e  of th e  c e l l u lo s e  f i b r e s .  R e p la c in g  th e  s u lp h u r ic  a c id
by z in c  c h l o r i d e ,  or a m ix tu re  o f th e  tw o, gave a  r e a c t io n  w hich
was e x p la in e d  by a co m b in a tio n  o f two p ro c e s s e s ;  a  h e te ro g e n e o u s
r e a c t io n  w hich p ro g re sse d  from th e  s u r f a c e  to  th e  in s id e  o f  th e
f i b r e ,  and an  a p p a re n t ly  homogeneous r e a c t io n  w hich  o ccu rred
(48)th ro u g h o u t th e  f i b r e s  . The r a t e  o f  p ro p io n y la t io n  in  
d ic h lo ro m e th a n e , u s in g  z in c  c h lo r id e  a s  c a t a l y s t ,  was h ig h e r  th a n  
t h a t  u s in g  p ro p io n ic  a c id  a s  d i l u e n t  and was th e  same when 
s u lp h u r ic  a c id  was used  a s  c a t a l y s t .
EXPERIMENTAL.
M a te r ia ls
A low m o le c u la r  w eigh t c e l l u l o s e ,  in  th e  form  o f  p u r i f i e d  
c o t to n  l i n t e r s  from  an  A m erican c o t to n ,  was su p p lie d  by th e  
Holden V ale M an u fac tu rin g  C o ., L t d . ,  L ancs, (low  f l u i d i t y ;  cook No 
024917). I t  had a  v i s c o s i t y  v a lu e  (A .C .S. method Qf
32 s e c .  in  2.5% cuprammonium s o lu t i o n ,  a soda s o l u b i l i t y  o f  
3.2% in  7.14% o f  NaOH, an ash  c o n te n t  of 0.05%, an i r o n  c o n te n t  
o f 10 p .p .m , and th e  sam ple was h ig h ly  c r y s t a l l i n e  (see  p . 2 9 ) .
A summary o f  th e  g ra d e s  and p u r i t i e s  o f c h em ica ls  used  in  th e
•p re se n t work a re  ta b u la te d  as fo l lo w s .
Minimum
R eagent Grade P u rity (W t.% )
*P ro p io n ic  a n h y d rid e  L a b o ra to ry  r e a g e n t 9 7 .0
*P ro p io n ic  a c id  11 " 9 9 .0
Carbon t e t r a c h l o r i d e  11 11 9 9 .8
Carbon d is u lp h id e  P u r i f ie d  g e n e ra l purpose re a g e n t 9 9 .5
D ich lorom ethane G enera l pu rp o se  re a g e n t g rade A 9 9 .5
F e r r ic  c h lo r id e  L a b o ra to ry  re a g e n t 9 8 .0
S ta n n ic  c h lo r id e  11 11 9 8 .0
S u lp h u ric  a c id  A n ala r 9 8 .0
Antimony p e n ta c h lo r id e  T e c h n ic a l 9 5 .0
Z inc c h lo r id e  A n a la r 9 8 .0
T itan iu m  t e t r a c h l o r id e  L ab o ra to ry  r e a g e n t 98 .5
Antimony t r i c h l o r i d e  A n ala r 9 9 .5
T e llu r iu m  t e t r a c h l o r i d e  L a b o ra to ry  re a g e n t 9 5 .0
Bismuth c h lo r id e  A n ala r 9 9 .0
Aluminium c h lo r id e  L a b o ra to ry  re a g e n t 9 8 .0
* R e d i s t i l l e d  and d r ie d  b e fo re  u se
P rocedu re
A w eighed sam ple (abou t 3 g .)  o f c o t to n  was a c t iv a te d  in  
s u f f i c i e n t  p ro p io n ic  a c id ,  so a s  to  be co m p le te ly  submerged 
(ap p ro x im a te ly  50m l. p e r g .  c e l lu lo s e )  f o r  th r e e  days a t  room 
te m p e ra tu re .  E x cess  p ro p io n ic  a c id  was removed a t  th e  w ater-pum p 
and th e  sw o llen  c o t to n ,  c o n ta in in g  a known w eigh t o f p ro p io n ic  
a c id ,  was th e n  t r a n s f e r r e d  to  th e  p ro p io n y la t io n  m ix tu re ,  w hich 
was th e rm o s ta t te d  a t  th e  r e q u ir e d  r e a c t io n  te m p e ra tu re . The 
p ro p io n y la t io n  s o lu t io n  was p re p a re d  by f i r s t  d i s s o lv in g  t h e  
c a t a l y s t  in  p ro p io n ic  a c id ,  fo llo w ed  by a d d i t io n  o f p ro p io n ic
an h y d rid e  and e v e n tu a l ly  th e  d i lu e n t  such  a s  ca rb o n  t e t r a c h l o r i d e .  
U su a lly  th e  c a t a l y s t  d is s o lv e d  i n  th e  p ro p io n ic  a c id  a f t e r  a  s h o r t  
tim e , b u t som etim es i t  was n e c e s s a ry  to  warm t h i s  m ix tu re  up  t o  
40°C o r to  u se  an  u l t r a s o n ic  method to  g e t  i t  i n to  s o lu t io n .
A ll  c a t a l y s t s ,  b ecau se  o f t h e i r  s e n s i t i v i t y  to  m o is tu re  w ere 
w eighed and t r a n s f e r r e d  w ith in  a d ry -b o x  ( r e l .  h u m id ity ~ 6 % ) •
The c e l l u l o s e ,  c a t a l y s t ,  p ro p io n ic  a c id ,  and p ro p io n ic  a n h y d rid e  
w ere a c c u r a te ly  w eighed o u t ,  w h ile  th e  d i l u e n t  was added by  volum e. 
A l l  p ro p io n y la t io n  m ix tu re s  were f r e s h ly  p re p a re d  each  tim e . The 
p ro p io n y la t io n  r e a c t io n  was fo llow ed  by ta k in g  p ro p io n y la te d  sam ples 
a t  v a r io u s  tim es  f o r  a n a l y s i s .  Each sam ple was t e s t e d  f o r  s o l u b i l i t y  
in  ch lo ro fo rm  in  o rd e r  to  check th e  c o m p le tio n  o f  th e  r e a c t i o n ,  
w ith  th e  fo rm a tio n  o f c e l l u lo s e  t r i p r o p io n a t e .  The p r o p io n y la t io n  
m ix tu re s  were shaken ev e ry  tw elve  h o u rs  f o r  slow  r e a c t io n s  and f o r  
f a s t e r  r e a c t io n s  were shaken  more f r e q u e n t ly .  P ro p io n y la te d  
p ro d u c ts  w hich d is s o lv e d  in  th e  r e a c t io n  m ix tu re  were g e n e r a l ly  
p r e c i p i t a t e d  w ith  d i e t h y l  e th e r  o r ,  i n  seme c a s e s ,  w ith  p e tro le u m  
e th e r .  A l l  sam ples w ere p u r i f i e d  by w ashing s u c c e s s iv e ly  w ith
carbon  t e t r a c h l o r i d e ,  d ie th y l  e t h e r ,  e th a n o l and f i n a l l y  d i s t i l l e d  w a te r ,  
and w ere d r i e d - i n  a vacuum oven a t  100°C. For s u lp h u r ic  a c id  
c a ta ly s e d  r e a c t io n s ,  sam ples had to  b e  d r ie d  a t  55°C in  a 
vacuum oven in  o rd e r  to  av o id  d i s c o lo u r a t io n  o r  d eco m p o sitio n .
RESULTS
O rder o f  A cid C a ta ly se d  P r o p io n y la t io n  o f  C e l lu lo s e
A p re lim in a ry  g ra p h ic a l  method was employed to  d e te rm in e  th e  
o rd e r  o f  th e  p ro p io n y la t io n  r e a c t io n ,  in  an  ex ce ss  amount o f  
p ro p io n ic  a n h y d rid e , under d i f f e r e n t  c o n d i t io n s .  These p lo t s  
showed t h a t  th e  p ro p io n y la t io n  p ro c e s s  appea red  to  be a pseudo 
f i r s t - o r d e r  k i n e t i c  o n e , w ith  r e s p e c t  to  th e  r e a c t in g  h y d ro x y l
g ro u p s , and in  some c a se s  two s ta g e s  w ere o b se rv e d , each hav ing
i t s  own f i r s t - o r d e r  r a t e  c o n s ta n t .  The second s ta g e  was alw ays 
th e  f a s t e r  one and s t a r t e d  a t  d i f f e r e n t  e x te n ts  o f  r e a c t io n  f o r  
d i f f e r e n t  c o n d i t io n s  such as  m ix tu re  c o m p o s itio n , e s t e r i f i c a t i o n  
te m p e ra tu re , and ty p e  and c o n c e n tr a t io n  o f  c a t a l y s t .  The 
p ro p o r t io n a l  in c re a s e  i n  r a t e  f o r  th e  second s ta g e  a ls o  depended 
on th e s e  c o n d i t io n s .  The k in e t i c  e q u a t io n  w hich was found to  be  
a p p l ic a b le  i s  g iv e n  by
_d[O H ]_ =  k (  [OH] -  [O H ].)  
d t  °  z
where [0H]t  i s  th e  number o f h y d ro x y l g roups r e a c te d  p e r  g lu c o se  
u n i t  a f t e r  tim e t  and [0H]q i s  th e  number o f  h y d ro x y l g roups p e r  
g lu c o se  u n i t  a t  th e  s t a r t  o f  r e a c t io n  ( t  = 0) and i s  eq u a l to
3 .0 0 0 . I n te g r a t io n  g iv e s  th e  l i n e a r  e q u a t io n
lo g  (3 .0 0 0  -  [OH] )’ = lo g  3 .0 0 0  -  k t /2 .3 0 3  
Here (3 .000  -  [OH]^) i s  th e  number o f  rem a in in g  u n re a c te d  h y d ro x y l 
groups p e r  g lu c o se  u n i t  a t  tim e t .  In  th e  p r e s e n t  work lo g  (3 .0 0 0  -  [OH] j.)
was p lo t t e d  a g a in s t  tim e to  g iv e  a  s lo p e  o f  -k /2 .3 0 3  w hich was e v a lu a te d  
by th e  method o f  l e a s t  s q u a re s .  R ate  c o n s ta n ts  f o r  th e  f i r s t  and 
second s ta g e s  a re  shown a s  and r e s p e c t iv e l y .  The c o r r e l a t i o n  
c o e f f i c i e n t  was c a lc u la te d  fo r  each  p l o t  in  o rd e r  to  t e s t  th e  c o r r e c t  
a p p l i c a b i l i t y  o f  th e  f i r s t  o rd e r  e q u a t io n . The r e s u l t s  a r e  shown in  
F ig u re s  3 .1  to  3 .9  and summarised in  T ab les  3 .1  to  3 .1 2 .
E f f ic ie n c y  o f  V ario u s C a ta ly s ts  f o r  P ro p io n y la t io n  o f C e l lu lo s e
A f i r s t  s e r i e s  o f p ro p io n y la tio n s  in  th e  p re se n c e  o f  d i f f e r e n t  
c a t a l y s t s  a t  30.0°C  was c a r r i e d  o u t w ith  th e  fo llo w in g  m ix tu re  com-
2.372 g . (3 2 .0 2  x 10_3 m oles) 
14.125 g . (108 .53  x 10 3 m oles) 
59 .79  g .
1 .000  g .
6 7 .3  x 10"3M
p o s i t i o n :
P ro p io n ic  a c id  
P ro p io n ic  an h y d rid e  
Carbon t e t r a c h l o r i d e  
C o tton
C o n c e n tra tio n  o f  c a t a ly s t  
T o ta l  volume o f  s o lu t io n  m ix tu re  a t  p ro p io n y la t io n  te m p e ra tu re  was 
5 4 .52  m l.
The r e s u l t s  u s in g  fo u r  d i f f e r e n t  m e ta l h a l id e s  as c a t a l y s t s ,  
a r e  shown in  T ab le s  3 .1  and 3 .2  and p lo t t e d  in  F ig u re  3 .1 .  T ab le  3 .1  
shows a l l  th e  d a ta  o b ta in e d  and , w here a p p l ic a b le ,  th e  two s ta g e s  o f  
th e  r e a c t io n  (a s  in  th e  ca se  o f f e r r i c  c h lo r id e )  a re  in d i c a te d .  Only 
th e  r a t e  o f  th e  f i r s t  s ta g e  o f  th e  r e a c t io n  was u sed  f o r  com paring th e
-4  - i
e f f e c t iv e n e s s  o f  th e  d i f f e r e n t  c a t a l y s t s .  A v a lu e  o f  318 x 10 min 
was o b ta in e d  f o r  th e  r a t e  c o n s ta n t  o f  second s ta g e  p ro p io n y la t io n  in  th e  
p re se n c e  o f F eC l^ .'
T ab le  3 .1 .  D egree Of P ro p io n y la tio n  Of C e l lu lo s e  W ith Time F or
D if f e r e n t  C a ta ly s ts  At 30«0°C (C a ta ly s t  C o n c e n tra tio n  
67 .3  x 10"3M)
C a ta ly s t
P ro p io n y la tio n  
tim e  (m in .)
Wt.% P ro p io n ic  
A cid DS
Log. No. u n re a c te d  OH 
groups p e r  g lu c o se  u n i t
FeC13 22 23.69 0.6318 0.3744( f i r s t  s ta g e )
»i 36 37.11 1.129 0 .2721
tt 51 46.02 1.546 0 .1626
FeC l3 74 56.64 2 .170 -0 .0 8 0 9 2
(second s ta g e )
ti 103 63.51 2.677 -0 .4 9 0 8
tt 145 66.35 2.917 -1 .0 8 0 9
it 213 67.17 2.990 - 2 .0 0 0
SbCl5 10 14.23 0.3491 0 .4234
ii 20 24.24 0.6498 0.3711
it 30 31.99 0.9239 0 .3173
tt 40 38.34 1.182 0 .2596
it 63 48*07 1.654 ' 0 .1 2 9 0
SnCl.4 16 8.69 0.2036 0 .4466
i i 36 15.07 0.3723 0 .4196
i i 63 21.65 0.5667 0.3862
it 108 29.94 0.8473 0 .3330
ii 140 35.29 1.054 0.2891
TeCl,4 420 20.93 0.5443 0 .3902
i i 780 37.12 1 .130 0 .2718
ti 1080 45 .79 1.534 0 .1661
0 .5
0 .4
CO
0 .3
0 . 2
600300 9000
Time in  m in u tes
0 .5
0 .4
co
x TeCl
□ SbCl
0.2
G FeCl
0.1
12550 75 100250
Time in  m inu tes
F ig , 3 .1  Pseudo f i r s t - o r d e r  p lo t s  f o r  p ro p io n y la t io n  in  p re s e n c e  o f  
v a r io u s  c a t a l y s t s  a t  30°C w ith  c a t a l y s t  c o n c e n tr a t io n  6 7 .3  x 10~3 M 
( f i r s t  s e r i e s  com p o sitio n )
Table 3.2. Effect Of Type Of Catalyst On First Stage Rate Constant
F or P r o p io n y la t io n  Of C e l lu lo s e  At 30.0°C (C a ta ly s t
-3
C o n c e n t r a t io n .6 7 .3  x 10 M)
C a ta ly s t
R a te  C o n stan t 
(10 ^ min ^) In te r c e p t
FeC l3 168 0.535
SbClc 128 0.482
SnCl^ 28 .8 0.466
TeC14 7.81 0.534
(C o r r e la t io n  C o e f f ic ie n t s  0 .9997 )
The ap p ea ran ce  o f  th e  p ro p io n y la te d  c e l lu lo s e  in  th e  r e a c t io n  
m ix tu re  was o b served  w ith  tim e  to  h e lp  i n t e r p r e t  th e  m echanism  o f  
th e  r e a c t io n .  A sw o llen  p ro d u c t was d i f f i c u l t  to  f i l t e r  o f f  
( s in te r e d  g la s s  f i l t e r )  w ith o u t add ing  a n o n -s o lv e n t ,  and a f t e r  
f i l t r a t i o n  th e  p ro d u c t ap p ea red  to  have a s h o r te r  f i b r e  le n g th .
In  some c a se s  th e  p ro d u c t sw e lle d  g r e a t ly  o r  d is s o lv e d  in  th e  r e a c t io n  
m ix tu re  and i t  p r e c i p i t a t e d  in  a  powder fo rm . No s w e llin g  was o b se rv ed  
f o r  c a t a l y s t s  in  th e  f i r s t  s e r i e s  (T ab les  3 .1  and 3 .2 ) ,  e x c e p t t h a t  
p ro p io n y la te d  sam ples in  th e  second s ta g e  in  th e  p re se n c e  o f  f e r r i c  
c h lo r id e  sw e lled  in  th e  r e a c t io n  m ix tu re , b u t d id  n o t d is s o lv e  u n t i l  
th e  end o f  th e  r e a c t io n .
T itan iu m  t e t r a c h l o r i d e  and alum inium  c h lo r id e ,  b ecau se  o f  t h e i r  
poor s o l u b i l i t y  in  p ro p io n ic  a c id  and p ro p io n ic  a n h y d rid e , co u ld  n o t 
be used  in  t h i s  f i r s t  s e r i e s  o f  p r o p io n y la t io n s . C o n d itio n s  to  g iv e  
b e t t e r  c a t a l y s t  s o l u b i l i t y ,  a s u i t a b le  r a t e  o f  r e a c t io n  f o r  sa m p lin g , 
and minimum sw e llin g  and d is s o lv in g  o f  th e  p ro d u c t were in v e s t ig a t e d  
f o r  a la rg e  number o f  c a t a l y s t s .  However, s u i t a b le  c o n c e n tr a t io n s  o f  
t i ta n iu m  t e t r a c h l o r id e  co u ld  be p rep a red  in  p ro p io n ic  a c id  and 
p ro p io n ic  an h y d rid e  a t  h ig h e r  te m p e ra tu re s .  ' I t  was u s u a l ly  found 
t h a t  s w e llin g  o f th e  p ro d u c t and r a t e  o f r e a c t io n  w ere red u ced  a s
th e  amount o f  p ro p io n ic  a c id  o r  p ro p io n ic  a n h y d rid e  in  th e  m ix tu re  d e c re a se d . 
In  a second s e r i e s  o f  p ro p io n y la t io n s  th e  minimum amount o f 
p ro p io n ic  a c id  r e q u ir e d  to  d is s o lv e  th e  c a t a l y s t  w h ile  m a in ta in in g  
th e  a c t i v i t y  o f  th e  c e l lu lo s e  was e s t a b l i s h e d .  The amount o f  
p ro p io n ic  a n h y d rid e  a f t e r  which th e  d e g re e  o f  p ro p io n y la t io n  in  a 
g iv e n  tim e rem ained  c o n s ta n t ,  was a ls o  e s t a b l i s h e d .  T h is amount o f  
p ro p io n ic  a n h y d rid e  was found by c a r r y in g  o u t p r o p io n y la t io n s ,  u s in g  
z in c  c h lo r id e  c a t a l y s t ,  u n d er c o n s ta n t  c o n d i t io n s  ex ce p t in  each  c a se  
th e  amount o f  p ro p io n ic  a n h y d rid e  was in c re a s e d  and a sam ple a n a ly se d  
a f t e r  a  d e f i n i t e  tim e . P ro p io n y la tio n s  w ere r e p e a te d  u n t i l  no f u r th e r  
change was observed  w ith  in c re a s in g  amount o f  p ro p io n ic  a n h y d r id e .
The m ix tu re  co m p o sitio n  used  f o r  t h i s  second s e r i e s  o f  p ro p io n y la t io n s  
a t  40.06°Cwas as  fo llo w s :
—3P ro p io n ic  a c id  : 1 .510  g . (20 .38  x 10 m oles)
-3
P ro p io n ic  an h y d rid e  : 8 .422  g . (64 .71  x 10 m oles)
Carbon t e t r a c h l o r id e  : 63 .52  g .
C o tton  : 1 .000  g .
-3
C o n c e n tra tio n  o f c a t a l y s t :  15 .81  x 10 M
The t o t a l  volume o f s o lu t io n  m ix tu re  a t  th e  p ro p io n y la t io n  te m p e ra tu re  
was 50 .92  m l. The r e s u l t s  o f  p ro p io n y la t io n  ru n s  f o r  n in e  c a t a l y s t s  
a r e  g iv e n  in  T ab les 3 .3  and 3 .4  and p lo t t e d  in  F ig u re s 3 .2 ,  3 .3 ,  and 
3 .4 .  T e llu r iu m  t e t r a c h l o r id e  was in c lu d e d  in  th e s e  p r o p io n y la t io n s ,  
b u t b ecau se  o f  i t s  d eco m p o sitio n  in  th e  r e a c t io n  m ix tu re  d u rin g  
e s t e r i f i c a t i o n  th e  c e l lu lo s e  became g re y  and th e  r a t e  c o n s ta n t  d e c re a se d  
w ith  tim e (n o n - l in e a r  k in e t i c  p l o t s ) .  The d a ta  o b ta in e d  (n o t shown) d id  
in d ic a te  t h a t  p ro p io n y la tio n  w ith  te l lu r iu m  c h lo r id e  shou ld  g iv e  a 
f a s t e r  r a t e  o f  r e a c t io n  th a n  in  th e  c a s e  o f b ism u th  c h lo r id e .  In  th e  
p re se n c e  o f  antim ony p e n ta c h lo r id e  th e  p ro p io n y la te d  p ro d u c ts  sw e lle d  
in  th e  r e a c t io n  m ix tu re , w h ile  in  th e  c a se  o f  o th e r  c a t a l y s t s  o n ly  
s l i g h t  s w e llin g  was o b se rv ed .
T ab le  3 .3 .  D egree Of P ro p io n y la tio n  Of C e l lu lo s e  W ith Time For
D if f e r e n t  C a ta ly s ts  At 40 .06°C . (C a ta ly s t  C o n c e n tra tio n  
15 .81  x 10~3M)
C a ta ly s t
P ro p io n y la tio n  
tim e  ( h r s . )
Wt.% p ro p io n ic  
a c id DS
Log. No. u n re a c te d  OH 
groups p e r  g lu c o se  u n i t
H2S04 0 .317 18.82 0 .4803 0 .4013
II 0 .750 38.71 1.198 0 .2558
II 1 .100 46 .44 1.567 0 .1 5 6 2
It 1 .633 53.87 1.991 0 .00389
FeC13 0 .333 16.85 0.4227 0 .4 1 1 2
II 1 .017 33 .55 0.9842 0 .3044
II 1 .333 38 .20 1.176 0 .2 6 1 0
II 1 .750 45.39 1.513 0 .1723
II 2 .133 49 .13 1 *712 0 .1 0 9 9
SbCl_D 2 .0 0 25.95 0 .7068 0 .3 6 0 4
it 4 .0 0 31.54 0.9068 0 .3 2 0 8
II 5 .7 5 35:05 1.044 0 .2914
li 14 .50 47 .42 1.619 0 .1 4 0 2
ii 22 .50 54.34 2 .020 -0 .0 0 8 7 7 4
SnCl,4 3 .0 0 19.44 0.4989 0 .3 9 8 1
it 5 .5 0 24.85 0 .6699 0 .3 6 7 4
ii 18.58 41 .13 1.307 0 .2287
ti 27 .50 46.78 1.585 0 .1 5 0 8
B iC l3 3 0 .0 12.95 0 .3142 0 .4 2 9 1
II 144.0 28.11 0 .7815 0 .3 4 6 1
II 240.0 35.71 1.071 0 .2 8 5 3
II 382 .0 44.23 1.455 0 .1 8 8 9
It 472 .0 48 .59 1 .682 0 .1 1 9 9
.
Table 3.3. (continued)
C a ta ly s t
P ro p io n y la t  io n  
tim e  ( h r s . )
Wt.% p ro p io n ic  
a c id  DS
Log. No. u n re a c te d  OH 
groups p e r  g lu c o se  u n i t
ZnCl2 1 0 0 . 0 1 2 . 1 8 0 . 2 9 3 7 0 . 4 3 2 4
ii
3 3 8 . 5 3 1 . 2 6 0 . 8 9 6 2 0 . 3 2 3 0
ii
4 6 0 . 0 3 7 . 7 8 1 . 1 5 8 0 . 2 6 5 3
ii
; 8 2 0 . 0 4 9 . 8 1 1 . 7 5 0 0 . 0 9 6 9
T iC l4 8 6 . 5 1 5 . 1 1 0 . 3 7 3 4 0 . 4 1 9 4
II
2 4 3 . 0 2 8 . 0 8 0 . 7 8 0 5 0 . 3 4 6 3
II
3 5 9 . 0 3 3 . 9 0 0 . 9 9 8 0 0 . 3 0 1 5
II
4 7 1 . 0 3 9 . 6 1 1 . 2 3 8 0 . 2 4 6 0
II
7 3 8 . 0 4 8 . 3 8 1 . 6 7 1 0 . 1 2 3 5
SbCl3 3 7 . 0 6 . 8 2 0 . 1 5 7 4 0 . 4 5 3 7
ti
8 4 . 0 9 . 3 8 0 . 2 2 1 0 0 . 4 4 3 9
ii
4 7 4 . 2 1 8 . 9 2 0 . 4 8 3 3 0 . 4 0 0 8
ii
6 8 6 . 0 2 0 . 9 3 0 . 5 4 4 3 0 . 3 9 0 2
a i c i 3 4 7 . 2 7 . 8 6 0 . 1 8 2 9 0 . 4 4 9 8
11
7 1 . 0 8 . 8 3 0 . 2 0 7 1 0 . 4 4 6 1
n
4 4 5 . 0 1 6 . 9 6 0 . 4 2 5 9 0 . 4 1 0 6
11
7 0 2 . 0 1 9 . 4 7 0 . 4 9 9 8 0 . 3 9 8 0
Table 3.4. Effect Of Type Of Catalyst On First Stage Rate Constant
For P ro p io n y la t io n  Of C e l lu lo s e  At 40.06°C (C a ta ly s t
-3
C o n c e n tra tio n  15 .81  x 10 M).
C a ta ly s t
R ate  C o n stan t 
(10 ^ min ^) I n te r c e p t
H2S04 1150 0 .489
FeC13 648 0 .473
SbCl5 6 8 .5 0 .3 9 5
SnCl, 3 8 .9 0 .425
B iC l3 2 .65 0 .449
Z nC l, 1 .79 0 .480
T iC l4 1 .74 0 .459
SbCl 0 .380 0 .4 5 4
a i c i 3 0 .311 0 .452
( C o r r e la t io n  C o e f f i c i e n t< 0 .9 9 7 7  ex ce p t f o r  
A lClg and SbCl^ w hich had v a lu e  0 .9880)
In  t h i s  s e r i e s  o f  p ro p io n y la t io n s  th e  e f f e c t  o f  a g i t a t i o n  on the
r e a c t io n  was s tu d ie d  by r e p e a t in g  a p ro p io n y la t io n  ru n  in  th e  p re s e n c e
o f z in c  c h lo r id e ,  u s in g  a m ech an ica l sh ak e r in s te a d  o f  sh ak in g  g e n t ly
by hand . The r e a c t io n  was fo llo w ed  to  25% o f  c o m p le tio n  and a  low er
r a t e  c o n s ta n t  and i n t e r c e p t  w ere o b ta in e d  ( I n te r c e p t  = 0 .4 5 3 ,
- 5 . - 1k^= 1 .16  x 10 mm ) by m e ch an ic a l sh a k in g .
Dependence of P ro p io n y la t io n  on T em perature and C a lc u la t io n  o f A c t iv a t io n  
P aram e te rs
In  o rd e r  to  s tu d y  th e  e f f e c t  o f  te m p e ra tu re  on th e  r e a c t io n  th e
second s e r i e s  o f  p ro p io n y la t io n s  (p re v io u s ly  d e s c r ib e d  a t  40 .06°C )
in  th e  p re se n c e  o f  f e r r i c  c h lo r id e ,  antim ony p e n ta c h lo r id e ,  s ta n n ic
c h lo r id e ,  and z in c  c h lo r id e  was re p e a te d  a t  29.98°C  and 20 .05°C .
The r e s u l t s  a t  b o th  te m p e ra tu re s  a re  g iv e n  in  T ab les  3 .5  and 3 .6  and
p lo t te d  F ig u re s  3 .2 ,  3 .3 ,  and 3 .4 .  The p ro p io n y la t io n  w ith  t e l lu r iu m
te t r a c h l o r id e  was a ls o  re p e a te d  a t  29.98°C  and l e s s  d is c o lo u r a t io n
o f th e  p ro d u c t and d eco m p o sitio n  o f c a t a l y s t  was observed  th a n  a t
40 .06°C . The d a ta  w ere n o t th o u g h t to  be  r e l i a b l e  enough to  r e p o r t ,
b u t th e y  in d ic a te d  an  ap p ro x im ate  r a t e  c o n s ta n t  o f  12 x 10 ^ m in
No sw e llin g  was o b served  in  th e s e  s e r i e s  o f  p ro p io n y la t io n s
A c tiv a t io n  e n e rg ie s  (E&) w ere o b ta in e d  from  th e  A rrh en iu s  
(50)e q u a tio n .
l n k =  c o n s ta n t  -  E^/RT (3 .2 7 )
w here k i s  t h e . r a t e  c o n s ta n t ,  T i s  th e  te m p e ra tu re  i n  °K, and R i s  
g iv e n  as  1.9872 c a l .  deg . ^ mole 1 ,(5 1 )  V alues f o r  E w ere o b ta in e d
SL
from  l i n e a r  p lo t s  o f  lo g  k a g a in s t  1 . i n  th e  u s u a l  way, u s in g  th e
T % 
m ethod o f  l e a s t  s q u a re s .  The e n th a lp y  o f  a c t i v a t io n  (AH ) was c a l c u l ­
a te d  from  th e  r e l a t i o n s h ip
AH  ^ = E& -  RT (3 .2 8 )
Table 3.5. Degree Of Propionylation Of Cellulose With Time For
D if f e r e n t  C a ta ly s ts  At D i f f e r e n t  T em peratu res W ith
-3C a ta ly s t  C o n c e n tra tio n  15 .81  x 10 M (C om position  as 
f o r  second s e r i e s ) .
C a ta ly s t P ro p io n y la t io n  
tim e  ( h r s . )
Wt.% P ro p io n ic  
a c id
DS Log.No. u n re a c te d  OH 
groups p e r  g lu c o se  u n i t
FeCl3 ( a t  29.98°C ) 0 .5 0 13.58 0.3313 0 .4263
i i 1 .5 0 25.54 0.6929 0.3631
i i 3 .0 5 38 .93 1.208 0 .2533
i i 6 .07 53.75 1.983 0 .00732
FeC l3 ( a t  20.05°C ) 1 .58 13.94 0.3411 0 .4247
i i 2 .5 0 20.09 0.5186 0 .3947
i i 3 .77 27.16 0.7483 0 .3525
5 .0 3 32.83 0.9561 0 .3105  .
SbCl5 ( a t  29.98°C ) 2.07 20.85 0.5419 0 .3906
i i 4 .6 2 28.08 0.7805 0 .3463
i i 7 .5 0 32 .20 0.9321 0 .3155
** 19 .00 43 .90 1.439 0 .1934
i i 29 .00 50 .86 1.810 0.07555
SbCl5 ( a t  20.05°C ) 5 .0 0 21 .72 0.5689 0 .3858
i i 10 .00 27.44 0.7580 0 .3 5 0 6
i i  1 16 .00 33.09 0.9662 0 .3083
. i t 25 .00 39 .91 1.252 0 .2425
Table 3.5 (continued^
C a ta ly s t P ro p io n y la t io n  
tim e  ( h r s . )
Wt.% P ro p io n ic  
a c id
DS Log. No. u n re a c te d  OH 
groups p e r  g lu c o se  u n i t ,
S nC l^ (a t 29.98°C ) 7 .0 0 20.33 0 .5259 0 .3934
i i 1 8 .0 0 31.65 0 .9109 0 .3 2 0 0
M 28 .5 0 38*28 1.180 0.2601
II 66 .00 51.57 1.851 0 .06032
II 92 .50 56 .41 2.154 -0 .0 7 2 6 3
S nC l^ (a t 20.05°C ) 2 0 .0 25.04 0.6762 0 .3662
i i 4 8 .0 35.37; 1.057 0 .2885
144 .0 53.40 1.962 0 .0162
212 .0 58.91 2.327 -0 .1 7 2 0
ZnC^-Cat 2 9 .98°C) 4 6 .0 3 .94 0.0889 0 .4641
i i 110 .0 6 .33 0.1455 0 .4555
i i 30 8 .0 9 .58 0 .2261 0 .4431
i t 47 8 .0 13.25 0.3223 0.4278
i t
-
982 .0 21.54 0 .5633 0 .3 8 6 8
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F ig . 3 .3  Fseudo f i r s t '- o r d e r  p lo t s  f o r  p r o p io n y la t io n  a t  d i f f e r e n t
-3
te m p e ra tu re s  m  p re se n c e  o f v a r io u s  c a t a l y s t s  o f  c o n c e n tr a t io n  15 .81  x 10 M 
(second s e r i e s  com position )
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F ig . 3 .4  Pseudo f i r s t - o r d e r  p lo t s  f o r  p ro p io n y la t io n  a t  d i f f e r e n t  te m p e ra tu re s
in  p re se n c e  o f  v a r io u s  c a t a ly s t s  o f c o n c e n tr a t io n  15 .81  x 10 M (second  s e r i e s
com p o sitio n )
Ti
me
 
in 
ho
ur
s
t
The f r e e  energy  o f  a c t i v a t io n  (AG ) was c a lc u la te d  from  th e  r e l a t i o n s h ip
—  ~ ^ G/RT
k = k T /h .e  (3 .2 9 )
w here h i s  P la n c k 's  c o n s ta n t (6 .626196 x 10 ^  e rg .  s e c . ) ^ 3"^ k i s  th e
B o ltzm an 's  c o n s ta n t  (1 .380622 x 10 ^  e rg .  d eg . ^ ) ^ ^ \  and k i s  th e
f i r s t - o r d e r  r a t e  c o n s ta n t .  The e n tro p y ^ o f  a c t i v a t i o n  (AS^) was o b ta in e d
from  .
+ t t
AH -  AG (3 .3 0 )
The a c t iv a t io n  p a ra m e te rs  a r e  ta b u la te d  in  T ab le  3 .7  and th e  A rrh en iu s  
p lo t s  a r e  shown i n  F ig u re  3 .5 .
In f lu e n c e  o f S o lv en t Medium and D ilu t io n  on P ro p io n y la t io n
In  th e  s o lv e n t - e f f e c t  s tu d ie s ,  s e p a ra te  p ro p io n y la t io n s  w ere c a r r i e d  
o u t in  th e  p re se n c e  o f  34 .85  ml ( a t  r e a c t io n  te m p e ra tu re )  o f th r e e  
d i f f e r e n t  s o lv e n ts  a t  40 .06°C . The fo llo w in g  m ix tu re  c o m p o sitio n , u sed
5 .486  g . (74 .05  x 10 3  m oles) 
14.125 g . (108 .53  x  1 0  3  m oles)
as s to c k  p r o p io n y la t io n  m ix tu re  i n  l a t e r  s t u d i e s ,  was em ployed.
P ro p io n ic  a c id  
P ro p io n ic  a n h y d rid e  
C o tto n  : 1 .000  g .
Z inc  c h lo r id e  : 0 .5000  g .
The c o n c e n tra t io n  o f  z in c  c h lo r id e  in  th e  f i n a l  s o lv e n t  m ix tu re  was
-3  . . .67 .14  x  10 M. The e f f e c t  o f  p ro p io n ic  a c id  as  s o lv e n t was a ls o
in v e s t ig a t e d ,  b u t b ecau se  o f  th e  slow ness o f  th e  r e a c t io n  r a t e  in  t h i s
c a s e  10 .25  ml ( a t  r e a c t io n  te m p e ra tu re )  in s te a d  o f '3 4 .8 5  ml was u se d ;
th e  r a t e  was th e n  compared w ith  an e q u iv a le n t  m ix tu re  c o n ta in in g  1 0 .2 5  ml
-2o f  ca rb o n  t e t r a c h l o r id e  (12 ,15  x 10 M Z n C ^ ) . The r e s u l t s  a r e  ta b u la te d
in  T ab les  3 .8 ,  3 .9 ,  and 3 .1 0  and p lo t te d  in  F ig u re s  3 .6  and 3 .7 .
Table 3.6. Effect Of Temperature On First Stage Rate Constant For
P r o p io n y la t io n  Of C e l lu lo s e  W ith D i f f e r e n t  C a ta ly s t s  Of 
~315 .8 1  x  10 M (C om position  a s  f o r  second s e r i e s ) .
C a ta ly s t
R a te  C o n s ta n t 
a t  29 .98°C
( io  m in ^)
I n te r c e p t  a t  
29.98°C
R a te  C o n s ta n t 
a t  20.05°C
( 1 0  m in *)
I n te r c e p t  a t  
20.05°C
FeC13 . 291 0 .4 7 3 127 0 .477
SbC15 4 3 .6 0 .4 0 5 2 7 .5 0 .4 2 2
SnCl, 20 .7 0 .4 2 1 1 0 . 8 0 .4 2 2
ZnC l, 0 .3 1 1 0.467 - -
( C o r r e la t io n  C o e f f i c i e n t s < 0 .9 9 8 7 )
T ab le  3 .7 .  A c t iv a t io n  P a ram e te rs  At 313.21°K  F or P r o p io n y la t io n  W ith 
D if f e r e n t  C a ta ly s ts  Of C o n c e n tra t io n  15 .81  x  10 
(C om position  as  f o r  second s e r i e s ) .
C a ta ly s t
Ea
(k c a l  mol ^)
AH*
(k c a l mol ^)
AG*
(k c a l  mol ^) (c a l°K  ^ mol ^)
FeCl3 14 .9 14 .3 2 4 .1 - 3 1 .3
SbCl5 8 .3 2 7 .7 0 2 5 .5 -5 6 .8
SnCl,4 . 11 .7 1 1 . 1 2 5 .8 - 4 6 .9
Z n C 1 2
3 2 .8 3 2 .2 27 .7 + 14 .4
1^
1 
S
07
- 2 . 0
- 3 .0
O FeCl
0  SbC l
A SnCl
- 5 .0
A ZnCl
- 5 .7
3 .1 7 3 .2 0 3 .25 3 .3 0 3 .35 3 .4 0
10/T
F ig .  3 ,5  A rrh e n iu s  p l o t s  f o r  f i r s t  s ta g e  p r o p io n y la t io n  in  p re s e n c e  o f
-3v a r io u s  c a t a l y s t s  o f  c o n c e n tr a t io n  15.81 * 1 0  M Csecond s e r i e s  co m p o sitio n )
To in v e s t ig a t e  th e  e f f e c t  o f d i l u t i o n ,  a s e r i e s  o f p ro p io n y la t io n s  a t  
40.06°C  w ere c a r r i e d  o u t i n  w hich th e  s to c k  p ro p io n y la t io n  m ix tu re  was 
d i lu te d  by v a r io u s  a d d i t io n s  o f c a rb o n  t e t r a c h l o r i d e .  D i lu t io n  was 
co n tin u e d  u n t i l  th e  f u l l y  p ro p io n y la te d  sam ple d id  n o t d is s o lv e  (60 ml 
CCl^ a d d ed ). The r e s u l t s  a r e  g iv e n  in  T ab les  3 .8  and 3 .11  and p lo t te d  
in  F ig u re  3 .8 .
The appearance  o f  a l l  th e  p ro d u c ts  d u rin g  th e  f i r s t  s ta g e  o f  
p ro p io n y la t io n  showed no s w e llin g  to  be  ta k in g  p la c e .  P ro d u c ts  in  th e  
second s ta g e  o f th e  r e a c t io n  alw ays sw e lle d  and e v e n tu a l ly  d is s o lv e d  
tow ards th e  end o f th e  r e a c t io n .  I t  was a l s o  o bserved  t h a t  th e  
s o l u b i l i t y  o f c e l lu lo s e  t r i p r o p io n a te  i n  th e  r e a c t io n  m ix tu re ,  d u r in g  
p ro p io n y la t io n ,  was h ig h e r  th a n  th e  same p ro p io n y la te d  sam ple (o b ta in e d  
by p r e c i p i t a t i o n  from  s o lu t io n )  in  th e  same r e a c t io n  m ix tu re .  The 
a v a i la b l e  d a ta  a f t e r  com p le tin g  30% o f  th e  r e a c t io n ,  w ith  61 .5 0  ml CCl^ 
d i l u e n t ,  showed th a t  p r o p io n y la t io n  p ro b a b ly  fo llo w s  f i r s t  o rd e r  k i n e t i c s  
betw een 34% and 87% o f th e  r e a c t io n ,  a f t e r  w hich th e  f i r s t - o r d e r  r a t e  
c o n s ta n t  ap p ea rs  to  d e c re a se  w ith  f u r t h e r  r e a c t io n .  T ab le  3 .8  in c lu d e s  
th e  d a ta  f o r  t h i s  e x te n t  o f p ro p io n y la t io n ,  and th e  c o rre sp o n d in g  v a lu e  
o f th e  r a t e  c o n s ta n t was found to  be  6 2 .4  x 1 0  ^ min ^ ( i n t e r c e p t  = 0 .6 3 9 ) .  
S im ila r  b eh av io u r was o b served  when th e  volume r a t i o  o f d i l u e n t /p r o p io n ic  
a c id  was in c re a se d  from  6 .2  ( p ro p io n y la t io n  w ith  34 .85  ml CCl^) to
25 .0  (3 8 .9 3 :1 .5 6 )  and a v a lu e  o f  5 8 .1  x 10 ^ min ^ was o b ta in e d  f o r  th e  
r a t e  c o n s ta n t ( in t e r c e p t  = 0 .6 2 4 ) .
E f f e c t  of F e r r i c  C h lo rid e  C a ta ly s t  C o n c e n tra tio n  on P ro p io n y la t io n
The e f f e c t  o f c o n c e n tra t io n  o f  t h i s  s e le c te d  c a t a l y s t  was in v e s t ig a t e d  
by ru n n in g  a s e r i e s  o f  p ro p io n y la t io n s  in  th e  p re se n c e  o f  v a r io u s  concen­
t r a t i o n s  o f c a t a ly s t  a t  20 .0°C . The fo llo w in g  m ix tu re  co m p o sitio n  was
T able 3 .8 .  D egree Of P ro p io n y la tio n  Of C e l lu lo s e  W ith Time F or 
V ario u s  D ilu e n ts  At 40 .06°C .
D ilu e n t
( r e a c t io n  s ta g e )
Volume Of
d i l u e n t
(ml)
P ro p io n y la t io n  
tim e ( h r s . )
Wt.% P ro p io n ic  
a c id
DS Log. u n re a c te d  
OH groups p e r  
g lu c o se  u n i t
No d i lu e n t  (1) - 5 .0 24 .88 0 .6 7 0 9 0 .3672
i t - 7 .5 32 .89 0 .9 5 8 5 0 .3100
i i - 14 .0 45.87 1 .538 0 .1650
No d i lu e n t  (2) - 2 8 .0 60.77 2 .463 -0 .2 7 0 0
i i - 4 7 .0 65 .75 2 .864 -0 .8 6 6 5
i i - 67 .0 66.69 2.947 -1 .2 7 6
i i - 8 4 .0 67.19 2 .9 9 2 -2 .0 9 7
CC14  (1) 10 .25 6 .4 22 .38 0 .5897 0.3821
11 i i 12 .5 35 .31 1 .0 5 5 0 .2889
CC1 4  ( 2 ) t i 21 .5 52.27 1 .8 9 3 0 .04415
i i i i 3 9 .0 65.13 2 .811 -0 .7 2 3 5
i i t i 5 2 .0 66.71 2 .9 4 9 -1 .2 9 2
i t i t
6 8 . 0 67.17 2 .9 9 0 - 2 . 0 0 0
CC14  (2) 26 .65 25 .5 55.57 2 .0 9 9 -0 .0 4 5 2 8
11 i i 3 2 .0 64 .30 2 .7 4 1 -0 .5 8 6 7
I t i t 3 8 .0 66.35 2 .917 -1 .0 8 1
II i i 5 2 .0 67 .22 2 .9 9 5 -2 .3 0 1
CC14  (1) 34 .85 5 .0 11.44 0 .2741 0 .4355
II i i
8 . 0 16.86 0 .4 2 3 0 0 .4111
II i i
1 2 . 0 23 .10 0 .6127 0 .3779
Table 3.8 (continued)
D ilu e n t
( r e a c t io n  s ta g e )
Volume Of
d i l u e n t
(ml)
P ro p io n y la t io n  
tim e  ( h r s . )
Wt.% P ro p io n ic  
a c id
DS Log. u n re a c te d  
OH groups p e r  
g lu c o se  u n i t
CC1 4  ( 2 ) 3 4 ,8 5  . 2 2 . 0 47.93 1.646 0.1316
i i i i 3 5 .0 64.65 2.771 -0 .6 4 0 2
i i i i 47 .0 66.78 2.955 -1 .3 4 7
i t i t 65 .0 67 .23 2.996 -2 .3 9 8
CC1 4  ( 1  amd.2 ) 61 .50 2 1 . 0 34.46 1 . 0 2 0 0.2967
i i i i 4 6 .0 57.35 2.218 -0 .1 0 6 8
i t i t 64 .0 62.61 2 .604 -0 .4 0 2 3
CS2  (1) 34 .85 4 .5 16.24 0 .4053 0.4141
II i t 6 .5 23.42 0 .6230 0 .3760
I t i i 9 .5 30.47 0 . 8 6 6 8 0 .3290
CS2  (2) t i 18 .0 52.85 1.928 0.03019
.11 i i
2 2 . 0 61.43 2 .513 -0 .3 1 2 5
II i i 28 .5 65.68 2 .858 -0 .8 4 7 7
II i t 3 9 .0 67.06 2 .980 -1 .6 9 9
ch 2 c i 2  ( 1 ) i i 4 .5 14.23 0 .3491 0 .4234
II i i 8 .5 23.15 0 .6143 0 .3776
II t i
1 2 . 0 29 .50 0 .8313 0 .3362
CH2 C12  (2) i t 18 .0 43.39 1 .414 0 .2003
I I i i 28.5 57.31 2 .215 -0 .1 0 5 1
II t i 53 .2 65.67 2.858 -0 .8 4 7 7
II t i 69 .0 66.74 2 .952 -1 .3 1 9
C2 H5COOH (1) 10 .25 9 .0 22.51 0 .5939 0 .3813
II i i 30 .0 39.89 1.251 0 .2428
II i t
8 6 . 0 57.82 2 .2 5 0 -0 .1 2 4 9
Table 3.8 (contined)
D ilu e n t
( r e a c t io n  s ta g e )
Volume Of
d i lu e n t
(ml)
P ro p io n y la tio n  
tim e ( h r s . )
“Wt.% P ro p io n ic  
a c id
DS L o g .u n re a c te d  
OH groups p e r  
g lu c o se  u n i t
C^COOH ( 2 ) 10 .25 128.0 63.37
1
2.665 -0 .4 7 5 0
ti it 151 .0 65 .02 2 .802 -0 .7 0 3 3
it it 170 .0 65.82 2.871 -0 .8 8 9 4
T ab le  3 .9 .  E f f e c t  Of V ario u s S o lv e n ts  On F i r s t  And Second S tage
P ro p io n y la tio n  R ate  C o n s ta n ts  For C e l lu lo s e  At 40.06°C
S o lv en t S tag e  
( 1 ) in t e r c e p t
k . ( 1 0  m in ^) k 2 (10” 5  Min” 1)
C S 2
0 .489 64 .9 315
CC1.4 0 .477 31 .6 226
ch 2 c i 2 0.476 4 4 .6 ' 115
(C o r r e la t io n  C o e f f ic ie n t  0 .9999 e x c e p t f o r  0 .9984  f o r  f i r s t  s ta g e
o f CS2)
( 
[HO]-C) 
Soi
0 .5
0.0
- 1 . 0
G CC1
- 2.0
- 2 . 6
8040 60200
Time in  h o u rs
F ig . 3 .6  Pseudo f i r s t - o r d e r  p lo t s  f o r  p ro p io n y la tio n  a t  40°C in  p re se n c e
3
o f  v a r io u s  s o lv e n ts  w ith  67 .14  x 10 M ZnCl2  c a t a l y s t  c o n c e n tra t io n
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F ig . 3 .7  Pseudo f i r s t - o r d e r  p lo t s  fo r  p ro p io n y la t io n  a t  40°C in  p re se n c e
*-2of p ro p io n ic  a c id  and carbon  t e t r a c h l o r id e  s o lv e n ts  w ith . 12 ,15  x 1 0  M 
ZnCl^ c a t a l y s t  c o n c e n tr a t io n
T ab le  3 .1 0 . Com parison Between Carbon t e t r a c h l o r i d e  And P ro p io n ic  A cid 
As S o lv e n ts  For F i r s t  And Second S tage  P ro p io n y la t io n  R ate  
C o n s tan ts  A t 40 .06°C .
S o lv e n t S tage  (1) 
i n t e r c e p t
k ^ ( 1 0  ^ min ^) k 2 ( 1 0  m in ^)
CC1,4 0 .4 8 0 58 .6 169
c 2 h5cooh 0 .4 4 0 25 .2 3 7 .9
( C o r r e la t io n  c o e f f i c i e n t  0 .9999)
T ab le  3 .1 1 . E f f e c t  Of D i lu t io n  Of P ro p io n y la t io n  M ix tu re  By Carbon 
t e t r a c h l o r i d e  On F i r s t  And Second S tag e  R ate  C o n s tan ts  
At 40 .06°C .
Volume o f  CC1.4 S tag e  (1) in t e r c e p t k ^ ( 1 0  m in ^) k 2 ( 1 0 “ 5  m in” 1)
No d i lu e n t 0 .479 8 6 . 1 1 2 0
10.25 0 .4 8 0 5 8 .6 169
26.65 - - 327
34.85 0.477 3 1 .6 226
( C o r r e la t io n  c o e f f i c i e n t  0 .9999 ex ce p t f o r  0 .9867  f o r  second s ta g e  o f 
r e a c t io n  w ith o u t d i l u e n t ) .
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V ol. CCI4  added p e r  u n i t  volume r e a c t io n  m ix tu re  
F ig . 3 .8  V a r ia t io n  o f  f i r s t  and second  s ta g e  p r o p io n y la t io n  r a t e  c o n s ta n ts  
w ith  d i l u t i o n  o f  s to c k  r e a c t io n  m ix tu re  by carbon  t e t r a c h l o r i d e  a d d i t io n  a t  
40°C
em ployed f o r  a l l  r e a c t i o n s :
_o
P ro p io n ic  a c id  : 1 .674  g (2 2 .6  x 10 m o les)
P ro p io n ic  a n h y d rid e  
C o tto n
Carbon t e t r a c h l o r i d e
8 .422  g (6 4 .7  x  10 ^ m o les)
1 . 0 0 0  g
63 .5 2  g
The r e s u l t s  a r e  t a b u la te d  i n  T ab les  3 .1 2  and 3 .1 3  and p lo t t e d  in  
F ig u re s  3 .9* In  th e s e  r e a c t io n s  th e  p ro p io n y la te d  p ro d u c ts  
sw e lle d  and e v e n tu a l ly  d is s o lv e d  i n  th e  r e a c t i o n  m ix tu re  o n ly  d u r in g  
th e  second  s ta g e  o f th e  r e a c t io n .
S w e llin g  S tudy  o f P ro p io n y la t io n  in  The P re se n c e  o f V ario u s  C a ta ly s t s
In  o rd e r  to  f in d  o u t i f  s w e ll in g  o ccu rs  d u r in g  p ro p io n y la t io n  i n  
th e  p re se n c e  o f  o th e r  c a t a l y s t s  b e s id e s  ZnCl2  and FeC l^ ( s w e ll in g  a lw ays 
accom panied an  in c r e a s e  in  th e  r a t e  c o n s ta n t ) ,  some p ro p io n y la t io n s  w ere 
re p e a te d  so  t h a t  s w e ll in g  co u ld  be  in v e s t ig a t e d  beyond th e  f i r s t  s ta g e  
o f r e a c t i o n .  I t  was o b se rv ed  t h a t  i n  th e  c a s e  o f  TeCl^ (3 0 .0 °C ),
SbCl5  (3 0 .0 ° C ) , SnCl4  (4 0 .0 °C ), and H2 S04  (40 .0°C ) s w e llin g  was o b se rv e d  
a f t e r  th e  f i r s t  s ta g e .  The d eg ree  o f  p ro p io n y la t io n ,  f o r  a  s in g le  
sw o lle n  c e l l u l o s e  p ro p io n a te  p ro d u c t in  each  c a s e ,  to g e th e r  w ith  th e  
tim e  and c o m p ara tiv e  T ab le  (un sw o llen  s ta g e )  a re  g iv e n  by
TeC l4 : DS ® 2 .2 0 5 , tim e  = 26 h r . ,  T ab le  3 .1 ;  SbCl5 : DS = 2 .6 2 6 , 
tim e  -  48 h r . ,  T ab le  3 .5 ;  and SnCl4 : DS = 2 .6 7 2 , tim e  = 67 h r . ,
T ab le  3 .3 ;  H2 S04 : DS = 2 .7 1 0 , tim e  = 2 .5  h r . ,  T ab le  3 .3 .
These r e s u l t s  in d i c a te  t h a t  an  in c r e a s e  i n  th e  r a t e  c o n s ta n t  o c c u rs  on  
s w e ll in g .  P ro p io n y la t io n s  f o r  th e  re m a in in g  c a t a l y s t s  w ere n o t r e p e a te d  
owing to  th e  ex trem e slow ness o f th e s e  r e a c t i o n s .
T ab le  3 .1 2 . D egree Of P ro p io n y la tio n  Of C e l lu lo s e  W ith Time For 
D if f e r e n t  C o n c e n tra tio n s  Of F e r r i c  C h lo r id e  C a ta ly s t .  
At 2 0 .0°C•
Concen. o f  FeCl^ 
in  1 0
( r e a c t io n  s ta g e )
P ro p io n y la tio n  
tim e  ( h r s . )
Wt.% P ro p io n ic  
a c id
DS Log. No. u n re a c te d  
OH g ro u p s p e r  g lu c o se  
u n i t
7 .517 (1) 13.17 23.44 0.6237 0 .3759
i i 23 .83 32.53 0.9445 0 .3129
ti 47 .00 45.16 1.502 0 .1 7 5 5
7.517 (2) 71 ,67 55.35 2.085 -0 .0 3 8 5 8
n 90 .00 60.54 2.446 -0 .2 5 6 5
ti
1 1 1 . 0 0 63.65 2 . 6 8 8 -0 .5 0 5 8
16.34  (1) 1 .67 15.75 0.3914 0 .4 1 6 4
it 2 .67 23.42 0.6230 0 .3 7 6 0
i i
5 . 1 2 37.02 1.126 0 .2 7 2 8
16.34  (2) 9 .5 0 53 .22 1.950 0 .02119
i i 15 .00 62.98 2.634 -0 .4 3 6 5
i i 25 .00 66.47 2.928 -1 .1 4 3
31.41  (1) 1 .50 35 .70 1.071 0 .2853
i t 2 .5 0 46.60 1.576 0 .1 5 3 5
i i 3 .67 54 .33 2 . 0 2 0 -rO.008774
i i 5 .0 0 59.54 2.372 - 0 . 2 0 2 0
45.49  (1 and 2) 1 .50 4 6 .00 1.545 0 .1 6 2 9
i i 2 .5 0 56 .23 2.142 -0 .0 6 6 5 1
i i
6 . 0 0 65.71 2.861 -0 .8 5 7 0
n 8 .3 3 66.79 2.956 -1 .3 5 7
Table 3.12 (continued)
Concen. o f  FeCl^
in  1 0  3M 
( r e a c t io n  s ta g e )
P ro p io n y la tio n  
tim e ( h r s . )
Wt.% P ro p io n ic  
a c id
DS Log. No. u n re a c te d  
OH groups p e r  g lu c o se  
u n i t
73 .60  (1 and 2) 0 .7 5 24.87 0 .6706 0 .3672
it 2 .08 55.09 2.068 -0 .0 3 0 5 8
ii 3 .0 0 61.35 2.507 -0 .3 0 7 2
it 4 .2 5 64 .74 2 .778 -0 .6 5 3 6
T ab le  3 .1 3 . E f f e c t  Of C o n c e n tra tio n  Of F e r r i c  C h lo r id e  C a ta ly s t  
On P ro p io n y la t io n  R ate C o n s tan t At 20°C.
Cone, o f FeClg
( io ” 3 m)
S tage  (1) i n t e r c e p t k ^ ( 1 0  ^ m in ^) 1 ^ 2  ( 1 0  ^ m in ^)
7.517 0 .454 2 .27 4 .5 6
16.34 0 .487 16 .0 2 8 .6
31.41 0 .498 53 .5 -
45.49 0 .492 85 .6 k l
73 .60 0 .581 1 1 2 k l
(C o r r e la t io n  c o e f f i c i e n t  0 .9990)
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F ig .  3 .9  V a r ia t io n  o f f i r s t  and second s ta g e  p ro p io n y la t io n  r a t e  c o n s ta n ts  
w ith  f e r r i c  c h lo r id e  c o n c e n tra t io n  a t  20°C
DISCUSSION
E f fe c t  o f  S w e llin g  on C e l lu lo s e  P ro p io n y la t io n  
(38)F r i t h  has  found in  c e l l u lo s e  a c e ty l a t i o n  t h a t  as th e  d e g re e  o f  
s w e llin g  o f  th e  c e l lu lo s e  in c r e a s e s  th e  r e a c t io n  r a t e  c o n s ta n t  a ls o  
in c r e a s e s ,  and th e  hydrogen  bonds a re  r e ta in e d  u n t i l  th e  co rre sp o n d in g  
bonded OH groups have r e a c te d .  He su g g e s te d  th a t  a hydrogen bonded 
hydroxy l group ta k e s  p a r t  in  th e  t r a n s i t i o n  s t a t e ,  th e  hydrogen  bond 
th e n  b e in g  b roken  in  th e  r e a c t io n ;  th u s  th e  a c t i v a t io n  energy  can  be 
d e c re a se d  by weakening th e  h yd rogen  b o n d s . Not more th a n  6  k  c a l . 
can be assumed fo r  th e  hydrogen  bond s t r e n g th  in  c e l l u l o s e ,  b u t  i f  
th e  hydrogen  bond i s  weakened to  l e s s  th a n  one k  c a l .  th e  r e a c t io n  
r a t e  c o n s ta n t  can  in c re a s e  two to  fo u r  t im e s .
In  th e  p ro p io n y la t io n  o f c e l l u l o s e  u s in g  FeC lg and 
c a t a l y s t s ,  th e  r e s u l t s  o f  w hich a re  g iv e n  in  T ab les  3 .8 ,  3 .1 2  and
3 .1  and F ig u re s  3 .6  and 3 .7 ,  two f i r s t - o r d e r  k i n e t i c  r e a c t io n  s ta g e s  
were o b ta in e d . Second s ta g e  r a t e  c o n s ta n ts  w ere h ig h e r  th a n  in  th e  
f i r s t  s ta g e ,  and a  d i s t i n c t  b re a k  o c c u rre d  betw een  th e  second and 
f i r s t  s t a g e s .  Only p ro p io n y la te d  c e l l u l o s e  in  th e  second r e a c t io n  
s ta g e s  was observed  to  sw e ll o f  d i s s o lv e  i n  th e  r e a c t io n  m ix tu re .
However, o n ly  one s ta g e  was o b ta in e d  (97% o f p ro p io n y la t io n  r e a c t io n )
-3  - 3
w ith  FsClg c o n c e n tr a t io n  o f  73 .60  x 10 and 45 .4 9  x  10 M (T ab les
3 .1 2  and 3 .1 3 ) ,  in  which no v i s i b l e  s w e ll in g  was o b se rv e d . In  th e s e
p ro p io n y la t io n s  th e  r a t e  c o n s ta n t showed s ig n s  o f  d e c re a s in g  a f t e r
( 97% com p le tio n  of th e  r e a c t io n ;  t h i s  m ight be a t t r i b u t e d  to  some
r e s id u a l  c ro s s  -  l in k in g  in  h ig h ly  c r y s t a l l i n e  r e g io n s  w ith  s t r o n g e r
hydrogen  bonds, r e s u l t i n g  in  a low er r a t e  o f r e a c t i o n .  The i n t e r c e p t
v a lu e s  fo r  th e s e  k i n e t i c  p l o t s  a re  s l i g h t l y  h ig h e r  th a n  th e
t h e o r e t i c a l  v a lu e ,  w hich in d ic a te s  an i n i t i a l  low er r e a c t io n  r a t e  w hich
i s  d is c u s s e d  in  more d e t a i l  l a t e r .  P ro p io n y la t io n  ru n s  i n  th e  
p re se n c e  o f  z in c  c h lo r id e  c a t a l y s t  in  w hich no v i s i b l e  s w e llin g  took 
p la c e  (p .  6  3  ) p ro b a b ly  fo llo w  a r e a c t io n  p ro c e s s  s im i la r  to  th a t  
fo r  f e r r i c  c h lo r id e .
The ap p ea ran ce  o f second s ta g e s  in  p ro p io n y la t io n s  in v o lv in g  
FeC l^ and ZnCl^ may be a t t r i b u t e d  to  th e  s w e ll in g  o f  p a r t i a l l y  
p ro p io n y la te d  c e l lu lo s e  i n  th e  r e a c t io n  m ix tu re .  I t  i s  assumed 
t h a t  p ro p io n y la t io n  f i r s t  b e g in s  i n  th e  am orphous r e g io n s ,  and 
th e n  p ro g re s s e s  th ro u g h o u t th e  c e l l u lo s e .
In  th e  c r y s t a l l i n e  re g io n s  p ro p io n y la t io n  p ro b ab ly  s t a r t s  from 
th e  c h a in  ends and p ro cee d s  betw een th e  c h a in s ;  p ro p io n y la tio n  a ls o  o c c u rs  
on th e  s u r f a c e  o f th e  c r y s t a l l i n e  r e g io n s .  A cco rd ing  to  F r i t h 's  
m echanism  th e  hydrogen  bonds rem ain  in  th e  s t r u c t u r e  u n t i l  b roken  by 
p r o p io n y la t io n .  The combined p ro p io n y l g ro u p s u n z ip  th e  c h a in s  and 
th e  c h a in  ends become s e p a ra te d  from  each  o th e r .  As th e  r e a c t io n  
p ro g re s s e s  th e  p ro p io n y la te d  p a r t  o f th e  c h a in s  b e g in s  to  sw e ll o r 
d is s o lv e  in  th e  r e a c t io n  s o lu t io n .  T h is  s w e ll in g  a f f e c t s  th e  p a r t s  o f  
th e  c h a in  w hich have n o t been  p ro p io n y la te d  so as to  weaken th e  re m a in in g  
hydrogen  b o n d s , s o lv a t io n  o f  p ro p io n y l g ro u p s may a ls o  c o n t r ib u te  to  t h i s .
A sudden  w eakening o f th e  hydrogen bonds in  t h i s  way would e a s i l y  in c r e a s e  
th e  r a t e  c o n s ta n t  o f th e  r e a c t io n  by a f a c t o r  o f  two o r m ore. The r a t i o  
o f  th e  second s ta g e  to  f i r s t  s ta g e  r a t e  c o n s ta n t s ,  and d eg ree  of 
p ro p io n y la t io n  a t  \d iich  th e  second s ta g e  s t a r t s ,  w i l l  depend on th e
r e a c t io n  te m p e ra tu re .a n d  th e  a b i l i t y  o f th e  r e a c t io n  m ix tu re  to  sw e ll o r
' \
d is s o lv e  th e  c e l l u l o s e .
F or th e  rem ain in g  c a t a ly s t s  (p .64 ) i t  was o b served  th a t  when th e  
p ro p io n y la te d  c e l lu lo s e  sw e lled  o r d is s o lv e d  in  th e  r e a c t io n  m ix tu re  th e  
r a t e  c o n s ta n t  alw ays in c re a s e d ,  b u t th e  s w e ll in g  r e a c t io n  s ta g e s  were 
n o t s tu d ie d  c o m p le te ly . I t  i s  assum ed, how ever, t h a t  th e  su g g es ted  s w e llin g  
mechanism a p p l ie s  fo r  p ro p io n y la tio n  in  th e  p re se n c e  o f th e s e  o th e r  
c a t a l y s t  a s  w e ll as fo r  f e r r i c  c h lo r id e  and z in c  c h lo r id e .
Mechanism and Transition State Complex for Propionylation in the
p re se n c e  o f  D i f f e r e n t  C a ta ly s ts
In  c o n s id e r a t io n  o f  th e  p ro p io n y la t io n  r e s u l t s  o b ta in e d ,  and th e
(33)ev id e n c e s  of P au l e t  a l .  f o r  th e  fo rm a tio n  o f a c e ty liu m  io n s  from
(31 32)a c e t i c  an h y d rid e  to g e th e r  w ith  th e  work o f  B urton  and P r a i l l  * ,
th e  fo llo w in g  mechanism fo r  p ro p io n y la t io n  u s in g  a m e ta l h a l id e  
c a t a l y s t  (MCl^) and ca rb o n  t e t r a c h l o r id e  s o lv e n t i s  p ro p o se d .
P r20 + MCln  ► Pr2 O.MCln P r+ (PrO.MCln )~  (3 .3 1 )
P r+ (PrO.MCln ) “  + -O H  -OPr + PrOH + MCln (3 .3 2 )
P o s s ib ly  two o r  more m o lecu le s  of p ro p io n ic  an h y d rid e  may b e  com bined 
w ith  one m o lecu le  of m e ta l h a l id e ,  as in  th e  com plex
P r 2  D(PrO)2 .MCl^] , so t h a t  tw ice  a s  many p ro p io n y l c a t io n s  a re  
a v a i la b le  fo r  r e a c t io n  p e r  mole o f c a t a l y s t .
The p roposed  t r a n s i t i o n  s t a t e  complex i s  r e p re s e n te d  in  F ig .  3 .1 0 ,  
in  w hich p a r t i c i p a t i o n  o f th e  hydrogen  bonded h y d ro x y l group ta k e s  p la c e  
in  th e  same way as  F r i t h  su g g es ted  fo r  th e  a c e ty l a t i o n  t r a n s i t i o n  s t a t e  
com plex.
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F ig .  3 .1 0 . T r a n s i t io n  s t a t e  complex fo r  p r o p io n y la t io n  
In t h i s  m echanism  owing to  th e  very  low b a s i c i t y  o f  carb o n  t e t r a c h l o r i d e ,  
as s o lv e n t  medium, d i f f e r e n c e s  in  d eg ree  o f s o lv a t io n  be tw een  d i f f e r e n t  
c a t a ly s t  . system s a re  co n s id e re d  to  be n e g l ig ib l e .
P ro p io n y la tio n  in  th e  p re se n c e  o f v a r io u s  m e ta l  c h lo r id e  c a t a l y s t s  
(T ab le  3 .2  and 3 .4 )  showed th e  r a t e  c o n s ta n ts  to  b e  in  th e  fo llo w in g  
o rd e r  f o r  th e  f i r s t  s ta g e  of p ro p io n y la t io n .
F eC l0 > SbCl_ > SnCl, > TeCl. > B iC l0 > ZnCl0 > T iC l, > SbCl0 > A1C1„3 5 4 4 3 2 4 3 3
T h is  i s  v i r t u a l l y  th e  same o rd e r  as found by  Dermer e t  a l .  (29) and 
Coleman e t  a l ,  (3 0 ) ,  ex c e p t t h a t  in  th e  l a t t e r  c a se  A lC l^ and T iC l^
were r e p o r te d  to  b e  f a s t e r  c a t a l y s t s  th e n  FeCl^ SnCl^ r e s p e c t iv e l y .
The poor c a t a l y t i c  a b i l i t y  o f alum inium  c h lo r id e  can  be a t t r i b u t e d  to
i t s  e x i s te n c e  p a r t l y  in  a n o n - c a t a ly t ic  form  in  s o lu t io n  due to
r e a c t io n  w ith  p ro p io n ic  a n h y d r id e , which i s  d is c u s s e d  by  B urton  and
(32)P r a i l l  i n  t h e i r  a c e ty l a t i o n  s tu d i e s .  T ita n iu m  t e t r a c h l o r id e  i s  
th o u g h t to  behave i n  th e  same way which e x p la in s  i t s  r e l a t i v e l y  poor 
c a t a l y t i c  a b i l i t y .  However t h i s  o rd e r  may be a t t r i b u t e d  to  b o th  th e  
v a lu e  o f K (Eq. 3 .3 1 ) and th e  a c t iv a t io n  e n e rg y , w hich in  tu r n  
depend on th e  e l e c t r o n  acc ep tan c e  o r d eg ree  o f a c i d i t y  o f th e  m e ta l 
h a l id e .
(47) . .T e ra sa k i h a s  c a r r i e d  o u t am e x te n s iv e  s tu d y  of p ro p io n y la t io n
in  th e  p re se n c e  o f  s u lp h u r ic  a c id  and h as  d is c u s s e d  i t s  m echanism , b u t
in  th e  p r e s e n t  work o n ly .o n e  r a t e  c o n s ta n t  fo r  p ro p io n y la t io n  w ith  t h i s
c a t a l y s t  was o b ta in e d .  T h is r a t e  c o n s ta n t(T a b le . 3 .4 )  i s  c e r t a i n l y  much
h ig h e r  th a n  th o s e  i n  th e  c a se  o f  m e ta l h a l i d e s , which i s  due t o  th e
h ig h e r  a c i d i ty  o f s u lp h u r ic  a c id  and can  b e  e x p e c te d .
T ab le  3 .7  shows th e  d i f f e r e n t  a c t i v a t io n  e n e rg ie s  f o r  p ro p io n y la t io n
in  th e  p re se n c e  o f d i f f e r e n t  c a t a l y s t s ,  th e  g r e a t e s t  d i f f e r e n c e  b e in g
o b ta in e d  betw een SbCl^ and ZnCl^ w hich gave 8 .3 2  and 3 2 .8  k  c a l  mol ^
r e s p e c t iv e l y .  The T ab le  a ls o  shows th e  d i f f e r e n t  e n th a lp ie s  o f  a c t i v a t i o n
w hich fo llo w  th e  same in c re a s in g  o rd e r  a s  th e  a c t i v a t io n  e n e r g ie s .  In  th e
t r a n s i t i o n  s t a t e ,  as shown in  F ig . 3 .1 0 ,  a ch a rg e  s e p a ra t io n  betw een  th e
p ro p io iiy liu m  (p ro p io n y l c a t io n ,P r  ) and th e  p ro p io n a te  io n s  i s  in v o lv e d ,  and
th e  energ y  r e q u ire d  f o r  t h i s  charge s e p a r a t io n  depends on th e  a c i d i t y  o f
th e  combined m e ta l h a l i d e .  T h e re fo re  d i f f e r e n c e s  in  a c t i v a t i o n  e n e rg y
may be a t t r i b u t e d  to  d i f f e r e n t  e n e rg ie s  r e q u ir e d  f o r  th e  charge  s e p a r a t io n  
p ro c e s s .  V a r ia t io n  o f  th e  e q u i l ib r iu m  c o n s ta n t ,  K ,(Eq, 3 .3 1 ) w ith  
te m p e ra tu re  w i l l  a l s o  c o n t r ib u te  to  th e  v a lu e  o f  th e  a c t i v a t io n  e n e rg y .
The v a lu e s  o f th e  e q u i l ib r iu m  c o n s ta n t  in  th e  c a s e  of F eC l^ , SbC l,., and 
SnCl^ b ecau se  o f  t h e i r  h ig h  a c i d i t e s  a re  assumed to  be v e ry  h ig h  and 
i t s  e f f e c t  on th e  a c t i v a t i o n  energy  can be  ig n o re d . D if fe re n c e s  betw een  
e n th a lp ie s  o f a c t i v a t i o n  may a l s o  be r e l a t e d  t o  d i f f e r i n g  c o n t r ib u t io n s  
to  th e  e n th a lp y  o f a c t i v a t i o n ,  a r i s i n g  from th e  v a r i a t i o n  o f  th e  v a lu e  
o f K w ith  te m p e ra tu re .
The f r e e  en e rg y  and e n tro p y  o f a c t i v a t i o n  r e s u l t s  (T ab le  3 .7 )  p ro v id e  
f u r th e r  su p p o rt f o r  th e  su g g e s te d  mechanism; t h e i r  d i f f e r e n c e s  can  be 
e x p la in e d  by th e  d i f f e r e n t  e l e c t r o s t a t i c  c o n t r ib u t io n s  to  th e  f r e e  en e rg y
and en tro p y  o f a c t i v a t i o n .  V alues o f  th e  e l e c t r o s t a t i c  c o n t r ib u t io n  to
. (52)th e  e n tro p y  of a c t i v a t i o n  a re  alw ays n e g a t iv e ,  b u t a  v a lu e  o f
+ 14 .4  c a l  K ^ mol ^ was s t i l l  o b ta in e d  fo r  th e  e n tro p y  o f  a c t i v a t i o n  u s in g
z in c  c h lo r id e .  The in c re a s e d  m agnitude o f  th e  e n tro p y  o f  a c t i v a t i o n  in
t h i s  c a se  may be  e x p la in e d  by a  p o s s ib le  in c r e a s e  o f polym er c h a in  freedom
in  th e  t r a n s i t i o n  s t a t e ,  due to  th e  p a r t i c i p a t i o n  o f  h yd rogen  bonded
h y d ro x y l-g ro u p s . On th e  o th e r  hand t h i s  would be com pensated by l a r g e r
n e g a t iv e  v a lu e s  fo r  th e  e l e c t r o s t a t i c  c o n t r ib u t io n  to  th e  e n tro p y  o f
a c t iv a t io n  in  th e  c a s e  o f th o se  c a t a l y s t s  o th e r  th a n  z in c  c h lo r id e ,  w hich
makes o n ly  a low e l e c t r o s t a t i c  c o n t r ib u t io n  to  th e  e n th a lp y  o f a c t i v a t i o n .
The e f f e c t  o f  K on th e  e n tro p y  o f a c t i v a t i o n  i s  a n o th e r p o s s ib le  f a c t o r ,
w hich, fo r  th e  o th e r  th r e e  m e ta l h a l id e s  i s  n o t im p o r ta n t ,  b u t  may make a
s ig n i f i c a n t  c o n t r ib u t io n  in  th e  c a s e  o f z in c  c h lo r id e .
The o rd e r o f  a c t iv a t io n  p a ra m e te rs  f o r  th e  c a t a l y s t s  i s  th e  same
ie x c e p t m  th e  c a s e  o f AG. f o r  f e r r i c  c h lo r id e ,  b u t t h i s  a b n o rm a lity  i s  l e s s  
o b se rv ab le  a t  low er te m p e ra tu re s .  T his may be e x p la in e d  by th e  g r e a t e r  
ten d en cy  o f FeCl^ to  combine w ith  more th a n  one m o lecu le  o f  p ro p io n ic  
an hyd ride  (or w ith  one m o lecu le  of p ro p io n ic  an h y d rid e  and one m o le c u le  o f
p ro p io n ic  a c id )  w hich lo s e s  one o f th e  m o le c u le s  as th e  te m p e ra tu re  
in c r e a s e s ,  w h ile  SbCl,. and SnCl^ do n o t behave in  t h i s  way. T h is  w i l l  
a f f e c t  th e  e l e c t r o s t a t i c  fo rc e  betw een  th e  p ro p io n y liu m  and th e  
p ro p io n a te  io n s ,  and in c re a s e  th e  a c t i v a t io n  en e rg y . Thus th e  
p ro p io n y la t io n  w ith  FeC l^ i s  more te m p e ra tu re  d ependen t t h a t  th e
tr e a c t io n  w ith  SbCl,. and SnCl^ and th e  d e c re a se  in  i t s  AG i s  g r e a t e r  
th a n  th a t  fo r  th e  c a t a l y s t s  SbCl,. and SnCl^.
E f f e c t  of S o lv en t Medium on P ro p io n y la t io n
The e f f e c t  o f  s o lv e n t on p ro p io n y la t io n  i s  shown in  T ab le  3 .9
w here th e  r a t e  c o n s ta n ts  fo r  b o th  th e  f i r s t  and second s ta g e s  in c re a s e
in  th e  fo llo w in g  o rd e r  fo r  z in c  c h lo r id e  c a t a l y s t ; .
F i r s t  s ta g e  : CS_ > CH.C1 > CC1.2 2 2 4
Second s ta g e  : CS^ > CCl^ > ^ 2 ^ 2
A nother com para tive  s o lv e n t e f f e c t  s tu d y  (T ab le 3 .1 0 ) shows b o th
f i r s t  and second s ta g e  r a t e  c o n s ta n ts  in  th e  p re se n c e  o f  ca rb o n
te t r a c h l o r id e  a re  h ig h e r  th a n  in  th e  p re se n c e  o f  p ro p io n ic  a c id  a lo n e .
I t  i s  o f  i n t e r e s t  to  n o te  t h a t  th e  d i e l e c t r i c  c o n s ta n ts  o f  th e s e
s o l v e n t s a r e  in  th e  o rd e r ,  CH^Cl^ ^C^H^COOH > CS^ > CCl^ w h ile
(53)t h e i r  r e l a t i v e  o rd e r  of b a s i c i t i e s  (p ro to n  a c c e p ta n c e )  i s  CS^ >
CH0C10 > CC1, > C H_C00H. I t  can be seen  t h a t  th e  in c re a s e  in  s o lv e n t  2 2 4 2 5
b a s i c i t y  fo llo w s  th e  same o rd e r as th e  r a t e  c o n s ta n ts  fo r  th e  f i r s t
s ta g e  o f p ro p io n y la t io n .
I t  would appear t h a t  th e  in c re a s e  in  r a t e  c o n s ta n t  fo r  th e  f i r s t  
s ta g e  o f  p r o p io n y la t io n ,  where th e  e f f e c t  of s w e llin g  can be ig n o re d , 
depends on th e  b a s c i ty  of th e  s o lv e n t ,r a th e r  th a n  i t s  d i e l e c t r i c .
Thus fo r  p ro p io n y la tio n  in  th e  p re se n c e  o f  z in c  c h lo r id e ,  as th e  
b a s i c i t y  o f th e  s o lv e n t medium in c re a s e s  s o lv a t io n  becomes more
in v o lv ed  and th e  r a t e  of r e a c t io n  in c r e a s e s .  T h is  fo llo w s  from  th e  
su g g es ted  m echanism  and n a tu re  o f th e  t r a n s i t i o n  s t a t e  com plex fo r  
p ro p io n y la t io n  ( p . 7 7 ) .  When th e  t r a n s i t i o n  s t a t e  com plex i s  formed 
th e  b a se  s o lv e n t can i n t e r a c t  w ith  th e  H^+ ( t h i s  hydrogen  atom  i s  
r e p la c e d  by th e  hydrogen  atom d is p la c e d  by  th e  p ro p io n y liu m  io n )  
m aking i t  more s t a b l e .  The e f f e c t  would be  to  in c re a s e  th e  chance . 
o f p ro p io n y la t io n  o c c u rr in g  so th a t  as th e  s o lv e n t b a s i c i t y  in c re a s e s  
th e  i n t e r a c t i o n ,  and th e r e f o r e  th e  r a t e  c o n s ta n t ,  shou ld  in c r e a s e .
On th e  o th e r  h an d , a c c o rd in g  to  th e  mechanism  o f  fo rm a tio n  o f  th e
(33)so lv o a c id  and so lv o b a se  m  a c e t i c  a n h y d rid e , p roposed  by P au l e t  a l . ,
fo r  a  b ase  s o lv e n t S^, th e  complex S ^ .P r+ (Pro.M C]n ) would a l s o  be 
fo rm ed . The s o lv e n t a c t in g  in  t h i s  way would in c re a s e  th e  v a lu e  
o f  th e - e q u i l ib r iu m  c o n s ta n t ,  K ,(E q .3 .3 1 ) and d e c re a se  th e  e n e rg y  
o f  th e  p ro p io n y liu m  s e p a ra t io n  in  th e  t r a n s i t i o n  s t a t e  com plex, so t h a t  
once a g a in  th e  p ro p io n y la t io n  r a t e  c o n s ta n t  shou ld  in c re a s e  w ith  
s o lv e n t b a s i c i t y .
The change in  th e  o rd e r o f th e  r e a c t io n  r a t e  c o n s ta n ts  f o r  th e
second p ro p io n y la t io n  s ta g e  may be a t t r i b u t e d  to  th e  s w e ll in g  e f f e c t .
S w e llin g  and s o l u b i l i t y  o f c e l lu lo s e  p ro p io n a te  i n  th e  r e a c t i o n
s o lu t io n  in  th e  case  o f  CH0C1_ i s  l e s s  th a n  t h a t  f o r  CC1, . H ere th eL L 4
w eakening o f hydrogen  bonds due to  d i f f e r e n c e s  in  s w e llin g  becomes 
more e f f e c t iv e  th a n  b a s i c i t y  d i f f e r e n c e s .
I t  should  be m entioned  th a t  c e l l u lo s e  t r i p r o p io n a te  does n o t 
d i s s o lv e  in  carbon  t e t r a c h l o r id e  o r ca rb o n  d is u lp h id e  a lo n e  b u t  th e  
r e a c t io n  s o lu t io n s ,  c o n ta in in g  th e s e  s o lv e n t s ,  can  d is s o lv e  th e  
c e l l u l o s e  t r i p r o p io n a te  e a s i l y .  Q u a l i ta t iv e  s o l u b i l i t y  t e s t s  f o r  
c e l lu lo s e  t r i p r o p io n a te ,  in  th e  p ro p io n y la t io n  m ix tu re s  used  f o r  th e  
s o lv e n t e f f e c t  s tu d ie s ,  showed s o l u b i l i t i e s  and r a t e  c o n s ta n ts  to  fo llo w  
th e  same o rd e r  fo r  th e  second p ro p io n y la t io n  s ta g e .
The d i l u t i o n  e f f e c t  s tu d y  u s in g  carb o n  t e t r a c h l o r i d e  (T ab les  3 .8  and 
3 .1 1  and F i g .3 .8 )  shows t h a t  a s  th e  amount o f  d i l u e n t  i s  in c re a s e d  th e  
f i r s t  s ta g e  p ro p io n y la t io n  r a t e  c o n s ta n t  d e c re a s e s  due to  th e  d e c re a s in g  
c o n c e n tr a t io n  o f  r e a c t a n t s .  But in  th e  second p ro p io n y la t io n  s ta g e  a s  
th e  amount o f  d i lu e n t  i s  f i r s t  in c re a s e d  th e  r a t e  c o n s ta n t ,  b eca u se  
o f in c re a s in g  s w e l l a b i l i t y  o r s o l u b i l i t y  o f  c e l l u l o s e  p r o p io n a te ,  
in c re a s e s  u n t i l  i t  re a c h e s  a maximum. A f te r  t h i s  s w e llin g  becomes 
l e s s  as  th e  amount o f ca rb o n  t e t r a c h l o r id e  i s  in c re a s e d  u n t i l  no 
sw e llin g  a t  a l l  o c c u r s ,  th e n  th e  r o l e  o f th e  d i l u e n t  changes to  t h a t  
o f a  n o n -s o lv e n t a s  in  th e  f i r s t  r e a c t io n  s ta g e .
I n i t i a l  R ate  o f  P ro p io n y la t io n
The i n i t i a l  p ro p io n y la t io n  s ta g e  o ccu rred  a t  l e s s  th a n  15% o f
co m p le tio n  o f th e  r e a c t io n ,  a lth o u g h  a c tu a l  r a t e  c o n s ta n ts  w ere n o t
d e te rm in e d . V alues o f th e  i n t e r c e p t ,  from  th e  f i r s t  s ta g e  k i n e t i c
p l o t s ,  in d i c a te  th a t  t h i s  i n i t i a l  r a t e  c o n s ta n t  may be low er or
h ig h e r  th a n  th a t  f o r  th e  f i r s t  s ta g e  o f p r o p io n y la t io n .  The r a t e
c o n s ta n t  f o r  t h i s  i n i t i a l  s ta g e  o f p ro p io n y la t io n  may b e  in f lu e n c e d
by th e  i n t i a l  r a t e  o f d i f f u s io n  o f r e a g e n ts  in to  th e  c e l l u l o s e ,  tim e
to  co m p le te  m ixing  o f  p ro p io n y la t io n  b a th  w ith  th e  c e l l u l o s e ,  and
o th e r  f a c t o r s  such a s  c o n d i t io n s  fo r  a c t i v a t i o n  o f  th e  c e l l u l o s e .
(38)F r i t h  in  h i s  s tu d y  of c e l lu lo s e  a c e ty l a t i o n  showed t h a t  a t  
low er te m p e ra tu re s  th e  in t e r c e p t  d e c re a s e d , th u s  in d ic a t in g  a  h ig h e r  
r a t e  c o n s ta n t  f o r  th e  i n i t i a l  r e a c t io n  s ta g e .  He concluded  t h a t  th e  
i n i t i a l  a c e ty la t io n  s ta g e  was c o n t ro l le d  by d i f f u s i o n .  S im ila r  
b eh av io u r was observed  in  th e  p r e s e n t  work u s in g  SbCl,. and SnCl^ 
c a t a l y s t s  w here, f o r  low c a t a l y s t s  c o n c e n t r a t io n s ,  an i n t e r c e p t  o f  
abou t 0 .4 1  was o b ta in e d  (T ables 3 .4  & 3 .6 ) ,  w h ile  h ig h e r  c o n c e n tr a t io n s  
(h ig h e r  r a t e  c o n s ta n ts )  gave an in t e r c e p t  c lo s e  to  0 .4 7 . The d i f f e r e n c e  
betw een th e  form er i n t e r c e p t  and th e o r e t i c a l  one o f  0 .4 7 7  i s  o u ts id e  
e x p e r im e n ta l e r r o r  and may be e x p la in e d  a s  fo llo w s .
B efore  p ro p io n y la t io n  th e  c e l l u lo s e  was a c t iv a te d  by so ak in g  in  
p ro p io n ic  a c id  w hich d i f f u s e d  in to  m ost of th e  amorphous r e g io n s  and 
rem ained  th e re  a f t e r  f i l t e r i n g  o f f  th e  e x c e s s . P ro p io n y la tio n  b e g in s  
in  th o s e  p a r t s  o f  th e  amorphous r e g io n s  which have been  sw o llen  by 
th e  p ro p io n ic  a c id ,  i t  th e n  p ro ceed s  in  th e  rem a in in g  p a r t s  and 
e v e n tu a l ly  th e  r a t e  of d i f f u s io n  of r e a g e n t i n to  amorphous r e g io n s  
becomes l e s s  th a n  th e  r a t e  o f chem ical r e a c t io n .  A t t h i s  p o in t  th e  
f i r s t  s ta g e  o f p ro p io n y la t io n  s t a r t s ,  which now in v o lv e s  th e  
c r y s t a l l i n e  r e g io n s ,  and p ro cee d s  th ro u g h o u t th e  c e l l u lo s e  ( c r y s t a l l i n e  
and rem a in in g  amorphous re g io n s  to g e th e r ) .  For a  g iv en  change in  
c o n d itio n s  th e  r a t e  o f  d i f f u s io n  of r e a g e n ts  in t o  th e  amorphous 
re g io n s  may n o t in c re a s e  to  th e  same e x te n t  a s  th e  r a t e  o f ch em ica l 
r e a c t io n .  T h e re fo re ,  d u r a t io n  o f  th e  i n i t i a l  r e a c t io n  s ta g e ,  or when 
th e  f i r s t  s ta g e  p ro p io n y la t io n  s t a r t s ,  w i l l  depend on th e  r a t e  o f  
chem ica l r e a c t io n  and a v a i l a b i l i t y  o f  th e  amorphous r e g io n s .
Owing to  th e  much low er r a t e  of r e a c t io n  in  th e  c r y s t a l l i n e  
re g io n s  b eca u se  o f  hydrogen bonding  (p re v io u s ly  d is c u s s e d ) ,  th e  
i n i t i a l  r e a c t io n  p ro ceed s more r a p id ly  in  th e  amorphous r e g io n s  
r e s u l t i n g  in  a  low er in t e r c e p t  th a ti th e  t h e o r e t i c a l  one. On th e  
o th e r  hand when th e  re a g e n t f i r s t  d i f f u s e s  in t o  th e  amorphous r e g io n s  
i t  i s  d i l u te d  by th e  r e s id u a l  p ro p io n ic  a c id  in  th e  c e l l u lo s e ,  
and th e  r a t e  o f  r e a c t io n  i s  a t  f i r s t  re d u c e d , b u t th e n  i t  g r a d u a l ly  
in c re a s e s  as th e  r e a c ta n t  c o n c e n tr a t io n  in c re a s e s  w ith  f u r th e r  
d i f f u s io n .  But t h i s  d e c re a se  in  r a t e  o f r e a c t io n  caused by d i l u t i o n  
can  be outw eighed by an in c re a s e  in  th e  r e a c t io n  r a t e  due to  th e  
v i r t u a l  absence  of hydrogen  bonds in  th e  amorphous r e g io n .  Thus, th e  
f i r s t  s ta g e  o f p ro p io n y la tio n  fo r  h ig h e r  c o n c e n tra tio n s  o f  SbCl,- and 
SnCl^ s t a r t s  a f t e r  a  much low er p e rc e n ta g e  o f  th e  amorphous r e g io n s  
h a s  r e a c te d  th a n  fo r  low er c o n c e n tra tio n s  of th e s e  c a t a l y s t s  and g iv e s
a h ig h e r  i n t e r c e p t  c lo s e  to  th e  t h e o r e t i c a l  one.
The r e s u l t s  o f p ro p io n y la t io n  in  th e  p re se n c e  o f ZnCl^ show t h a t  
when th e  p ro p io n y la t io n  m ix tu re  i s  shaken  v ig o ro u s ly  on a m e ch an ic a l 
sh a k e r , th e  i n t e r c e p t  and r a t e  c o n s ta n t  f o r  th e  f i r s t  s ta g e  o f  th e  
r e a c t io n  d e c re a s e  (p .5 7 )*  The e f f e c t  o f  shak ing  may b e  e x p la in e d  by th e  
f u r th e r  open ing  up o f amorphous r e g io n s  and m ix ing  o f r e s id u a l  p ro p io n ic  
a c id  in  th e  c e l l u l o s e  w ith  th e  i n i t i a l  p ro p io n y la t io n  s o lu t io n  in  a 
s h o r te r  t im e . With r e s p e c t  to  th e  l a s t  e x p la n a tio n  th e  i n i t i a l  
r e a c t io n  s ta g e  i n  th e  c a s e  o f  v ig o ro u s  sh ak in g  i s  ex ten d ed , w h ile  a  
h ig h e r  p e rc e n ta g e  o f  amorphous re g io n s  i s  p ro p io n y la te d . T h e re fo re ,  
when th e  f i r s t  s ta g e  r e a c t io n  s t a r t s ,  a low er p e rc e n ta g e  of am orphous 
r e g io n s  rem a in s  and th e  r e a c t io n  r a t e  c o n s ta n t  d e c re a se s  more th a n  
i n  th e  c a s e  of shak ing  g e n t ly  by  h and .
I h te r c e p ts  f o r  f i r s t  s ta g e  k i n e t i c  p l o t s  fo r  p ro p io n y la t io n  in  
th e  p re se n c e  o f F eC l^C fab les 3 .2 ,3 .4 ,3 .6  & 3 .1 3 ) a re  g e n e r a l ly  c lo s e  
to  th e  t h e o r e t i c a l  i n t e r c e p t ,  and in c r e a s e  a s  th e  c a t a l y s t  c o n c e n t r a t io n  
o r  r a t e  c o n s ta n t  o f  th e  r e a c t io n  in c r e a s e s .  The r a t e  c o n s ta n ts  f o r  
th e s e  p ro p io n y la t io n s  a r e  g e n e r a l ly  v e ry  h ig h ,  th e r e f o r e  th e  e x t e n t  o f 
th e  i n i t i a l  r e a c t io n  s ta g e  i s  s h o r te r  and th e  f i r s t  s ta g e  r e a c t io n  
s t a r t s  e a r l i e r  th a n  f o r  th e  o th e r  c a t a l y s t s .  A f u r th e r  c o n s id e r a t io n  
i s  t h a t  when th e  com plex s a l t ,  P r+ (P ro .F eC l^ ) , a t  f i r s t  d i f f u s e s  i n t o  
the .am orphous r e g io n s ,  th e  i n i t i a l l y  h ig h  c o n c e n tr a t io n  o f p ro p io n ic  
a c id  may le a d  to  i t s  r e a c t io n  w ith  th e  s a l t ,  and th u s  d e c re a se  th e  r a t e  
o f c e l lu lo s e  p ro p io n y la t io n  in  th e  i n i t i a l  r e a c t io n  s ta g e .  However, 
th e  r a t e  o f  d i f f u s io n  becomes le s s  th a n  th e  r a t e  o f chem ical r e a c t i o n  
as th e  c o n c e n tr a t io n  o f  FeCl^ in c re a s e s  b eca u se  com plexing o f  f e r r i c  
c h lo r id e  w ith  p ro p io n ic  a c id  red u ce s  th e  s w e ll in g  o f p ro p io n y la te d  
c e l lu lo s e  ( s w e llin g  i s  n o t v i s i b l e )  in  th e  amorphous r e g io n s .  Such 
b eh av io u r was observed  in  th e  p ro p io n y la t io n  w ith  z in c  c h lo r id e ,
when a h ig h  p ro p o r t io n  o f n o n -s o lv e n t was u se d , and b ecau se  o f th e  
v e ry  low r a t e  o f  d i f f u s io n  a t  th e  s t a r t  o f th e  r e a c t io n  a h ig h  
in t e r c e p t  was o b ta in e d  ( p .6 3 ) .
P ro p io n y la tio n  in  th e  p re se n c e  o f  ZnCl^ w ith  p ro p io n ic  a c id  a s  s o lv e n t  
shows th e  e f f e c t  o f  opening  up am orphous r e g io n s  in  c e l l u lo s e  by 
a c t iv a t io n  w ith  p ro p io n ic  a c id .  In  t h i s  r e a c t io n  when th e  a c t iv a t e d  
c e l lu lo s e  was t r a n s f e r r e d  to  th e  p ro p io n y la t io n  m ix tu re  w ith o u t 
rem oving any o f i t s  p ro p io n ic  a c id  a  low er i n t e r c e p t  was o b ta in e d  
(T ab le  3 .1 0 ) ,  w hich in d ic a te s  a lo n g e r  e x te n t  o f  th e  r e a c t io n  in  th e  
amorphous r e g io n s  d u r in g  th e  i n i t i a l  r e a c t io n  s t a g e .
E f f e c t  o f C a ta ly s t  C o n c e n tra tio n  on P ro p io n y la tio n
The r e s u l t s  o f  p ro p io n y la t io n  in  th e  p re se n c e  o f  d i f f e r e n t  
c o n c e n tra t io n s  of E eC l^ , a s  a chosen  c a t a l y s t  (T ab le 3 .11  and F ig .3 .9 ) ,  
show t h a t  a s  th e  c o n c e n tr a t io n  in c re a s e s  th e  p ro p io n y la t io n  r a t e  c o n s ta n t  
( f i r s t  o r second s ta g e )  in c r e a s e s ,  b u t th e  r e l a t i o n s h ip  betw een  them 
i s  n o t a l i n e a r  one. These a re  two r e a c t io n  s ta g e s  fo r  p ro p io n y la t io n  
in  th e  p re se n c e  o f v e ry  low c o n c e n tr a t io n s  o f  F eC l^ , and th e  r a t e  
c o n s ta n t  f o r  th e  second s ta g e  i s  abou t dou b le  t h a t  fo r  th e  f i r s t  s ta g e .
As th e  r a t e  c o n s ta n t  fo r  th e  f i r s t  s ta g e  in c re a s e s  w ith  h ig h e r  c a t a l y s t  
c o n c e n tr a t io n s ,  th e  r a t i o  o f  th e  r a t e  c o n s ta n ts  fo r  th e  two s ta g e s  
app ro ach es u n i ty  and a s in g le  l i n e a r  k i n e t i c  p lo t  i s  e v e n tu a l ly  found .
F r i th  re p o r te d  a l i n e a r  r e l a t i o n s h ip  betw een th e  r a t e  c o n s ta n t  
and c o n c e n tra t io n  o f HCIO^ c a t a l y s t  f o r  th e  a c e ty l a t i o n  o f c e l l u lo s e ,  
b u t in  th e  p re s e n t  work p o s s ib le  co m b in a tio n  betw een f e r r i c  c h lo r id e  
and p ro p io n ic  a c id  may be one re a s o n  f o r  th e  n o n - l in e a r  r e l a t i o n s h i p .
I t  was observed  th a t  as  th e  volume r a t i o  o f c a rb o n  t e t r a c h l o r i d e  to  
th e  p ro p io n y la tio n  s o lu t io n  (p ro p io n ic  a c id  and p ro p io n ic  a n h y d rid e )  
in c re a s e d ,  th e  sw e llin g  o f  p ro p io n y la te d  c e l lu lo s e  was red u ced  w hich
would acco u n t f o r  th e  low er r a t e  c o n s ta n t  o b ta in e d  fo r  th e  second s ta g e  
( p r e v io u s ly  d is c u s s e d ) .  In  th e s e  p ro p io n y la t io n s  a s  th e  c o n c e n tr a t io n  
o f  f e r r i c  c h lo r id e  in c re a s e s  th e  c o n c e n tr a t io n  o f  f r e e  p ro p io n ic  
an h y d rid e  o r p ro p io n ic  ac id  (due to  co m b in a tio n  w ith  f e r r i c  c h lo r id e )  
d e c re a s e s  and th e  r a t i o  o f  carbon  t e t r a c h l o r i d e  to  th e  p r o p io n y la t io n  
s o lu t io n  e f f e c t i v e l y  in c r e a s e s .  T h is  e f f e c t  may accoun t f o r  th e  
o b s e rv a t io n  t h a t  sw e llin g  o f  th e  p ro p io n y la te d  p ro d u c t in  th e  r e a c t io n  
m ix tu re  d e c re a se d  w ith  h ig h e r  f e r r i c  c h lo r id e  c o n c e n t r a t io n s .  One m igh t 
e x p e c t t h a t  w ith  v e ry  h ig h  f e r r i c  c h lo r id e  c o n c e n tr a t io n s  more th a n  
one m o lecu le  o f  p ro p io n ic  a c id  may be in v o lv e d  in  th e  com plex and 
r e d u c t io n  in  th e  r a t e  c o n s ta n t  o f r e a c t io n  would o c c u r . Such complex 
fo rm a tio n  w ith  p ro p io n ic  a c id  p ro b a b ly  does n o t  occu r in  th e  c a se  of 
antim ony p e n ta c h lo r id e  and s ta n n ic  c h lo r id e ,
CONCLUSION
C e l lu lo s e  can  be  p ro p io n y la te d  w ith  p ro p io n ic  an h y d rid e  i n  th e  
p re se n c e  o f a  la rg e  number o f  m e ta l c h lo r id e  c a t a l y s t s ,  and a  g e n e ra l 
mechanism was su g g es ted  fo r  th e se  p ro p io n y la t io n s  which a l s o  ta k e s  in to  
acco u n t th e  a c t i v a t i o n  p a ra m e te rs . P r o p io n y la t io n  in  th e  c r y s t a l l i n e  
r e g io n s  in v o lv e s  th e  p a r t i c i p a t i o n  o f a h yd rogen  bonded h y d ro x y l 
group  in  th e  t r a n s i t i o n  s t a t e ,  and an  in c r e a s e  in  th e  r a t e  o f r e a c t io n  
i s  observed  due to  w eakening o f hydrogen  bonds r e s u l t i n g  from  v i s i b l e  
sw e llin g  o f th e  p ro p io n y la te d  c e l lu lo s e .  P ro p io n y la t io n  f i r s t  s t a r t s  
i n  th e  m ost a v a i la b l e  amorphous r e g io n s  and p ro ceed s  in  up to  th r e e  
s ta g e s ;  th e s e  a r e  th e  i n i t i a l ,  f i r s t ,  and second s ta g e s  r e s p e c t iv e l y .
In  th e  i n i t i a l  p ro p io n y la t io n  s ta g e  th e  r e a c t io n  ta k e s  p la c e  o n ly  
i n  th e  amorphous r e g io n s  and i t s  e x te n t  i s  n o t  more th a n  15% o f  com p le te  
p r o p io n y la t io n .  T h is  e x te n t  i s  c o n t ro l le d  by th e  r a t e  o f d i f f u s i o n  o f 
r e a g e n t  in to  th e  amorphous r e g io n s .
The f i r s t  s ta g e  o f p ro p io n y la t io n  s t a r t s ,  a f t e r  th e  i n i t i a l  s ta g e  
o f r e a c t io n ,  in  th e  c r y s t a l l i n e  r e g io n s  and p ro c e e d s  th ro u g h o u t th e  
c e l lu lo s e  ( in  th e  c r y s t a l l i n e  and rem a in in g  am orphous r e g io n s ) .  T h is  
s ta g e  o f p ro p io n y la t io n  i s  n o t  d i f f u s io n  c o n t r o l l e d ,  and in  an  e x c e ss  
amount o f p ro p io n ic  an h y d rid e  fo llo w s  pseudo f i r s t - o r d e r  k in e t i c s  
in  r e s p e c t  to  th e  r e a c t i v i t y  o f th e  h y d ro x y l g ro u p s . The r a t e  
c o n s ta n t  o f  th e  f i r s t  s ta g e  o f p ro p io n y la t io n  in c r e a s e s  in  th e  o rd e r  
o f th e  su g g e s te d  a c i d i t i e s  o f  th e  c a t a l y s t s ,  and a l s o  a s  th e  b a s i c i t y  
o f th e  s o lv e n t  medium in c re a s e s .  The fo llo w in g  o rd e r s  w ere found fo r  
in c r e a s in g  r a t e  c o n s ta n t  f o r  th e  f i r s t  s ta g e  o f r e a c t io n  in  th e  
p re se n c e  o f  d i f f e r e n t  c a t a l y s t s  and d i f f e r e n t  s o lv e n t  m edia r e s p e c t iv e l y
H SO > FeCl > SbCl > SnCl, > TeC l. > B iC l0 > ZnCl0 > T iC l, > SbCl„ >2 4 3 5 4 4 3 2 . 4  3
A1C10 and CSn > CH Cl > CC1, > C H COOH.3 2 2 2 4 2 5
The second  s ta g e  p ro p io n y la t io n  i s  a c o n t in u a t io n  o f  th e  f i r s t  
s ta g e  b u t h a s  a h ig h e r  r a t e  c o n s ta n t ,  and t h i s  i s  o n ly  observed  
p ro v id ed  th e  p ro p io n y la te d  c e l lu lo s e  s w e lls  o r f i n a l l y  d is s o lv e s  in  
th e  r e a c t io n  m ix tu re . Only th e  second s ta g e  of p r o p io n y la t io n  in  th e  
p re se n c e  o f f e r r i c  c h lo r id e  and z in c  c h lo r id e  was s tu d ie d  c o m p le te ly  
and i t  fo llo w s  a pseudo f i r s t - o r d e r  k i n e t i c  r e a c t io n  in  b o th  c a s e s .
The in c re a s e  in  r a t e  c o n s ta n t  fo r  th e  second s ta g e  p r o p io n y la t io n  
depends on th e  deg ree  o f s w e llin g  o f th e  p ro p io n y la te d  c e l l u l o s e .
CHAPTER IV 
INVESTIGATION OF REACTION CONDITIONS 
FOR PREPARATION OF HIGH MOLECULAR 
WEIGHT CELLULOSE TRIPROPIONATE
INTRODUCTION
P re p a ra t io n  o f  C e l lu lo s e  T r ip ro p ro p io n a te  U sing Acid C a ta ly se d  M ethods
(54)
D reyfus d e s c r ib e d  a  p ro c e s s  fo r  th e  p r e p a r a t io n  o f  c e l l u l o s e  
a c e ta te  and su g g es ted  i t s  r e le v a n c e  to  o th e r  c e l l u lo s e  e s t e r s ,
(14)e s p e c ia l ly  e s t e r s  o f f a t t y  a c id s .  L a te r  D reyfus and S ch n e id er 
p ro p io n y la te d  c e l l u l o s e  w ith  p ro p io n ic  an h y d rid e  in  th e  p re se n c e  o f  
s u lp h u r ic  a c id  c a t a l y s t ,  b u t an  u n s ta b le  low  m o le c u la r  w eig h t p ro d u c t 
was o b ta in e d .
Some a t te m p ts  w ere made by F o t h e r g i l l ^ " ^  and M ilb rada^"*^  to  
m odify  t h i s  m ethod, in  o rd e r  to  m inim ize d e g ra d a t io n ,  by chan g in g  
c e r t a i n  r e a c t io n  c o n d itio n s  such  a s  th e  r e a c t io n  te m p e ra tu re  
and m ix tu re  c o m p o sitio n  d u r in g  th e  p r o p io n y la t io n .  F o th e r g i l l  h as  
p rep a red  h ig h  v i s c o s i ty  c e l l u l o s e  p ro p io n a te  (200 c e n t ip o is e s  a t  5% 
concn . i n  a c e to n e  a t  2 5 ° ) , u s in g  a  m ix tu re  o f  p ro p io n ic  a n h y d r id e , 
p ro p io n ic  a c i d ,  and s u lp h u r ic  a c id .
L a m b o rn ^ ^  employed a m ix tu re  o f  th e  two c a t a l y s t s  p e r c h lo r ic  
ac id  and z in c  c h lo r id e  (o r s a l t s  o f m e ta ls  h av in g  e le c t ro d e  p o t e n t i a l s  
betw een ab o u t - 0 .7  to  + 1 .7 )  f o r  th e  g e n e ra l p r e p a ra t io n  o f f a t t y  a c id  
e s t e r s  o f  c e l l u l o s e .  C e l lu lo s e  e s t e r s  o b ta in e d  by t h i s  method were 
more s ta b l e  due to  non-bond ing  betw een c e l l u l o s e  and c a t a l y s t ,  and  th e
(58)method p ro v id ed  s u i ta b le  c o n d i t io n s  fo r  e s t e r i f i c a t i o n .  Malm and C rane 
have g iv en  a method fo r  th e  p r e p a r a t io n  o f  s t a b l e  c e l l u lo s e  t r i e s t e r s  in  
th e  p re sen ce  o f s u lp h u r ic  a c id  c a t a l y s t .  A method h as  however been  
proposed  to  remove th e  e s t e r i f i e d  c e l l u lo s e  a s  i t  d is s o lv e s  in  th e  
r e a c t io n  m ix tu re , in  o rd e r  to  p re v e n t th e  e x c e s s iv e  d e g ra d a tio n  o f  th e
A -< 59)p ro d u c t
Malm e t  a l . ^ ^  have s tu d ie d  th e  d i f f e r e n c e  betw een th e  r e a c t i o n  o f 
c e l l u lo s e  w ith  p ro p io n ic  an h yd rides and o th e r  low  a l i p h a t i c  a n h y d r id e , in  
th e  p re se n c e  o f s u lp h u r ic  a c id ,  m e th a n e su lfo n ic  a c id ,  z in c  c h lo r id e ,  and
alum inium  c h lo r id e  c a t a l y s t s .  H igher m o lecu la r  w e ig h ts  ap p ea red  to  be 
o b ta in e d  u s in g  z in c  c h lo r id e  c a t a l y s t ,  a l th o u g h  r e a c t io n  c o n d i t io n s  
were n o t a lw ays com parab le . F u r th e r  s tu d ie s  by Malm e t  a l . ^ ^ \  in  
c e l l u lo s e  e s t e r i f i c a t i o n  by low  a l i p h a t i c  a n h y d r id e s ,  le d  them to  
co n c lu d e  th a t  a co m b in a tio n  o f  low c a t a l y s t  c o n c e n tr a t io n  and h ig h  
a n h y d rid e  c o n c e n tr a t io n  g iv e s  h ig h  m o lecu la r  w e ig h t, fo r  a g iv e n  
e s t e r i f i c a t i o n  r a t e .
T e r a s a k i ^ ^  h as  p re p a re d  c e l l u l o s e  t r i p r o p io n a te  (CTP) by 
c a r ry in g  o u t p ro p io n y la t io n  in  th e  p re s e n c e  o f  z in c  c h lo r id e  c a t a ly s t*  
w ith  d ich lo ro m eth an e  d i l u e n t ,  a t  55°C to  70°C ( c e l lu lo s e  was a c t iv a te d  
in  p ro p io n ic  a c id ) .  He found a d eg ree  o f p o ly m e r iz a tio n  fo r  t h i s  
r e a c t io n  o f 300 to  400, w h ile  th e  same p r o p io n y la t io n  w ith  a  p ro p io n ic  
a c id  d i l u e n t  gave th e  t r i e s t e r  w ith  a  d eg ree  o f p o ly m e r iz a tio n  o f  200 
to  300. Much low er m o le c u la r  w e ig h ts  w ere o b ta in e d  u s in g  s u lp h u r ic  
a c id  a s  c a t a l y s t .
(62)
T e ra sa k i and Yokoyama showed t h a t  h ig h e r  m o le c u la r  w e ig h t CTP
can  be o b ta in e d  in  th e  p re se n c e  o f  th e  mixed c a t a l y s t s  ZnCl^/H^SO^ o r
ZnClo/H C10., r a th e r  th a n  Ho S0 o r HC10. a lo n e , b u t th e  r a t e  of. r e a c t io n  2 4 2 4 4
was d e c re a se d . Thus p ro p io n y la tio n  in  th e  p re se n c e  o f  0.5% HCIO^ gave
a d eg ree  o f p o ly m e riz a tio n  o f  below  100, w h ile  in  th e  p re se n c e  o f  0.5%
HC10. and 7% ZnCl_ th e  p ro d u c t had a  v a lu e  o f  300.4 2
(15)P e tro p a v lo v s k n  and R akham anberdiev in  t h e i r  p r e p a r a t io n  o f  
c e l lu lo s e  t r i p r o p io n a t e , used  a d i f f e r e n t  method o f  a c t i v a t io n  fo r  th e  
c e l l u lo s e .  T h is  invo lved  so ak in g  in  a 75% s o lu t io n  o f  e th y le n e d ia m in e  
in  w a te r ,  w hich was s u c c e s s iv e ly  r e p la c e d  by m e th an o l, a c e t i c  a c id ,  and 
f i n a l l y  p ro p io n ic  a c id .  T h in iu s  and N a u n d o r f ^ ^  p roposed  a c e t o n i t r i l e  
o r p r o p io n o n i t r i l e  a s  s o lv e n ts  fo r  mixed p ro p io n y la t io n  and a c e t y l a t i o n  o f 
c e l lu lo s e .
Preparation of Cellulose Tripropionate Using Propionyl Chloride or
H a lo p ro p io n ic  A nhydride M ethods 
( 65}Malm e t  a l . s tu d ie d  th e  p ro p io n y la t io n  o f c e l l u lo s e  by
p ro p io n y l c h lo r id e  -  p y r id in e  m ix tu re s  f o r  d i f f e r e n t  te m p e ra tu re s ,  
r e a g e n t  r a t i o s ,  and d i l u e n t s ;  t e r t i a r y  am ines o th e r  th a n  p y r id in e  
w ere a l s o  in v e s t ig a te d .  They p re p a re d  v i r t u a l l y  f u l l y  p ro p io n y la te d  
c e l l u l o s e  (% p ro p io n y l = 48 .8  to  5 0 .9 )  from  re g e n e ra te d  c e l lu lo s e  
( v i s c o s i ty  2.5% in  cuprammonium s o lu t io n  was 11 .0  cp . a t  25°C) in  th e  
p re se n c e  o f 1 ,4 -d io x a n e  d i lu e n t  and d i f f e r e n t  r a t i o s  o f r e a g e n ts ;  
th e  p ro d u c ts  had l i m i t in g  v i s c o s i t y  numbers in  te t r a c h lo r o e th a n e  from 
0 .3 8  to  0 .8 9 .  The a u th o rs  have a l s o  r e p o r te d  a  l im i t in g  v i s c o s i t y  
number o f  0 .7 0  f o r  CTP in  c h lo ro fo rm , and 1 .0 5  f o r  d e p ro p io n y la te d  
c e l l u l o s e  in  cuprammonium s o lu t io n ,  in  w hich  th e  s t a r t i n g  m a te r ia l  
had a v a lu e  o f  1 .3 6 , However, Malm e t  a l .  b e l ie v e  t h a t  in  t h i s  
p ro p io n y la t io n  p ro c e s s  a -p ro p io n y lp ro p io n y l g roups a re  form ed.
A more s a t i s f a c t o r y  method h as  been  g iv e n  by  Mench e t  a l . (6 6 ) , 
in  w hich  th e  CTP sam ples were p re p a re d  from  c o t to n  l i n t e r s  w ith  
p ro p io n y l c h lo r id e  in  th e  p re se n c e  o f  N ,N -dim ethylform am ide, a s  an  
a u x i l i a r y  so lv e n t under d i f f e r e n t  c o n d i t io n s .  The l im i t in g  v i s c o s i t y  
num bers in  a c e to n e  o f  th e s e  CTPs were 0 .2 7 ,  0 .6 1 ,  0 .6 8 ,  0 .9 1 , 1 .1 8 , 
0 .9 1 , 1 .8 5 , and 3 .7 9 , and t h e i r  p ro p io n y l c o n te n ts  were r e s p e c t iv e ly  
4 9 .6 , 4 9 .6 , 5 0 .5 , 5 0 .7 , 5 0 .0 , 5 0 .7 , 5 1 .4 , and 51.0%. The f i r s t  two 
low er v i s c o s i t y  v a lu e s  a re  due to  a d d i t io n  o f  d ioxane  to  th e  m ix tu re .
E a r l i e r  u se  o f  m o n o ch lo ro ace tic  a n h y d r id e , fo r  th e  e s t e r i f i c a t i o n
(67}o f  c e l l u l o s e ,  has been improved upon by S ta c e y  e t  a l . by u s in g  th e  
t r i f l u o r o a c e t i c  an h y d rid e  fo r  th e  g e n e ra l e s t e r i f i c a t i o n  o f  a lc o h o ls
o r  p h en o ls  w ith  th e  d e s i r e d  c a rb o x y lic  a c i d .
( 6 8}K ulakova e t  a l . have p rep a red  CTP o f  h ig h  m o lecu la r w e ig h t, 
u s in g  c e l lu lo s e  a c t iv a t e d  by am ines w ith  a r e a c t i o n  m ix tu re  c o m p o s itio n
o f  p ro p io n ic  a c id ,  p ro p io n ic  a n h y d rid e , and p ro p io n y l c h lo r id e  in  
b en ze n e .
F ib ro u s  A c y la tio n  P ro c e ss
T h is  p ro c e s s , in v o lv in g  a c id  c a ta ly z e d  a c e t y l a t i o n ,  can  b e  c a r r i e d  
o u t in  th e  p re sen ce  o f  a s u f f i c i e n t  q u a n t i ty  o f  d i l u e n t  w hich i s  a 
n o n -s o lv e n t f o r  th e  t r i e s t e r .  T h is  p re v e n ts  th e  t r i e s t e r  d i s s o lv in g  
in  th e  r e a c t io n  m ix tu re  and th e  p ro d u c t rem ain s  in  th e  f ib r o u s  form , 
a s  m entioned  p re v io u s ly  in  th e  g e n e ra l in t r o d u c t io n .
Some ad v a n ta g e s  o f th e  f ib r o u s  p ro c e s s  o v e r th e  s o lu t io n  p ro c e s s  
a r e :  th e  p ro d u c t i s  e a s i l y  w ashed, s t a b i l i z e d ,  and d r ie d ;  s im ple  and cheap 
equipm ent i s  r e q u ir e d ;  te m p e ra tu re  i s  more e a s i l y  c o n t r o l l e d ;  and th e  
a c id  a n h y d r id e s  can  be e a s i l y  re c o v e re d . However, in  th e  f ib r o u s  
p ro c e s s  a l a r g e  amount o f  n o n -s o lv e n t m ust be used  in  th e  e s t e r i f y i n g  
m ix tu re ,  and th e  r a t e  o f  e s t e r i f i c a t i o n  i s  much low er th a n  in  th e  
c a se  o f  th e  s o lu t io n  p ro c e s s .
The f ib r o u s  p ro c e ss  has been  w id e ly  employed f o r  th e  m a n u fa c tu re  
o f  c e l l u lo s e  a c e ta t e ,  and a  p a t e n t b y  th e  C e lan ese  C o rp o ra tio n  o f  
Am erica su g g es ted  i t s  u se  fo r  p re p a r in g  o th e r  m o n o -ca rb o x y lic  a c id  
e s t e r s  o f c e l l u lo s e ,  e s p e c i a l l y  a l i p h a t i c  e s t e r s .  As f a r  a s  i s  known, 
no work h a s  been  r e p o r te d  in  w hich each  o f  th e  f a c t o r s  r e s p o n s ib le  fo r  
th e  p r e p a r a t io n  o f f ib r o u s  c e l lu lo s e  p ro p io n a te  h as  been in v e s t ig a t e d .
The m ast common n o n -s o lv e n ts  w hich have been  em ployed f o r  
a c e ty la t io n  a re  carb o n  t e t r a c h l o r i d e ,  b en zen e , c y c lo h ex an e , and e t h e r .
EXPERIMENTAL .
The same m a te r ia ls  and p ro ced u re  a l r e a d y  d e s c r ib e d  in  th e  k i n e t i c  
s tu d y  o f p ro p io n y la t io n  (p reced in g  c h a p te r )  w ere em ployed fo r  th e  
p re lim in a ry  p re p a ra t io n  s tu d ie s  fo r  c e l l u lo s e  t r i p r o p i o n a t e .  Where 
s u lp h u r ic  a c id  was used  a s  c a t a l y s t  , th e  p ro d u c ts  were d is s o lv e d  in  
a c e to n e  and p r e c i p i t a t e d  w ith  w ater in  o rd e r  to  s t a b i l i z e  them . A 
d i f f e r e n t  c e l lu lo s e  was used  fo r  th e  f i n a l  p r e f e r r e d  method to  p re p a re
c e l l u l o s e  t r ip r o p io n a te  on a  l a r g e r  s c a le .  T h is  c e l l u l o s e  (g rad e  18) 
was from  th e  same s u p p l ie r  and had a v i s c o s i t y  o f  5100 A .S .C . u n i t s  
(2.5% c o n c n .)  w hich i s  e q u iv a le n t  to  75 s e c s ,  v i s c o s i t y .  The DP 
e s tim a te d  from  th e  c o rre sp o n d in g  LVN o f 14 .1  was 2820.
RESULTS
Com parison o f  V ario u s  C a ta ly s ts
In  t h i s  s tu d y  a la rg e  number o f  m e ta l c h lo r id e s  a s  w e ll a s  
s u lp h u r ic  a c id  were in v e s t ig a te d  to  f in d  th e  c a t a l y s t  w hich g iv e  a 
f u l l y  p ro p io n y la te d  p ro d u c t ,  w ith  th e  h ig h e s t  m o le c u la r  w eigh t in  th e  
s h o r te s t  tim e . In  o rd e r  to  avo id  sev e re  d e g ra d a tio n  when u s in g  f a s t  
c a t a l y s t s ,  th e s e  w ere used  in  v e ry  low  c o n c e n tr a t io n  fo r  p r e p a r a t io n  
s tu d ie s .  C o n seq u en tly  much lo n g e r  tim es  were in v o lv e d .
The m ix tu re  c o m p o sitio n  a l re a d y  re p o r te d  in  e a r l i e r  k in e t i c  
s tu d ie s  (p .71 ) was employed fo r  a l l  p r e p a ra t io n s  in  th e  p re se n c e  o f  
v a r io u s  c o n c e n tr a t io n s  o f th e  c a t a l y s t s  a t  20°C. T h is  te m p e ra tu re  
was n o t s u i ta b le  fo r  th e  p r e p a ra t io n  o f  CTP in  th e  p re se n c e  o f  z in c  
c h lo r id e  and t i ta n iu m  t e t r a c h l o r i d e ,  due to  th e  ex trem e slow ness o f 
th e  r e a c t io n ,  and p ro p io n y la t io n  was th e r e f o r e  c a r r i e d  o u t a t  4 0 °  and 
50°C r e s p e c t iv e ly .  The r e s u l t s  a re  summarized in  T ab le  4 .1 .  T h is  t a b l e  
shows th e  ap p ea ran ce  o f th e  f i n a l  p ro d u c t to  in d ic a te  w hether th e  
p ro c e ss  was a f ib ro u s  or s o lu t io n  one (powder o b ta in e d ) ,  and i t s  
s o l u b i l i t y  in  ch lo ro fo rm  to  in d ic a te  th e  r e l a t i o n s h ip  betw een s o l u b i l i t y ,  
m o lecu la r  w e ig h t, and d eg ree  o f  p r o p io n y la t io n .  In  some c a s e s  t r a c e s  of 
in s o lu b le  m a te r ia l  were observ ed  in  th e  form  o f g e l p a r t i c l e s  and t h i s  i s  
in d ic a te d  in  T ab le  4 .1 .  M o lecu lar w e ig h ts  were c a lc u la te d  from  l i m i t in g  
v i s c o s i t y  num bers (LVN) u s in g  th e  Mark-Houwink e q u a t io n  w hich w i l l  be 
d is c u s s e d  l a t e r .
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Some a tte m p ts  were made to  p re p a re  th e  f u l l y  p ro p io n y la te d  
c e l l u l o s e  in  th e  p re se n c e  o f  b ism uth  t r i c h l o r i d e ,  alum inium  c h lo r id e ,  
and an tim ony  t r i c h l o r i d e  c a t a l y s t s  u s in g  th e  same co m p o sitio n  m ix tu re ,  
b u t th e  r e s u l t s  were n o t s a t i s f a c t o r y .  The r a t e  o f p ro p io n y la t io n  
w ith  b ism u th  t r i c h l o r i d e  a t  low  te m p e ra tu re  (20 o r  30°C) and low 
c a t a l y s t  c o n c e n tr a t io n s  was ex tre m e ly  sm all and was n o t  s u i t a b le  fo r  
th e  p r e p a r a t io n  o f  CTP. On th e  o th e r  hand , p r o p io n y la t io n  in  th e  
p re se n c e  o f  h ig h e r  c a t a l y s t  c o n c e n tr a t io n s  and te m p e ra tu re s  gave a 
s id e  p ro d u c t w hich was s o lu b le  in  e th a n o l .  I t  was im p o ss ib le  to  
p re p a re  CTP w ith in  a re a so n a b le  tim e (T ab le  4 .1 )  w ith  alum inium  
c h lo r id e  a t  l e s s  th a n  50°C b ecau se  o f  i t s  poor s o l u b i l i t y  in  
p ro p io n ic  a c id  and p ro p io n ic  a n h y d rid e , and i t s  poor c a t a l y t i c  e f f e c t .  
For in s ta n c e ,  a p r o p io n y la t io n  b a th  s a tu r a te d  w ith  alum inium  c h lo r id e  . 
gave a  p ro d u c t a f t e r  243 h o u rs  a t  50°C w ith  o n ly  34.18% p ro p io n ic  
a c id .  Antimony t r i c h l o r i d e  a lso  had a  poor c a t a l y t i c  e f f e c t ,  a lth o u g h  
i t  may be p o s s ib le  to  p re p a re  c e l l u lo s e  t r i p r o p io n a te  w ith  t h i s  
c a t a l y s t  a t  h ig h e r  te m p e ra tu re s  and c a t a l y s t  c o n c e n t r a t io n s .  The 
p ro p io n y la t io n  in  th e  p re se n c e  o f  0 .1 17M c o n c e n tr a t io n  o f t h i s  c a t a l y s t ,  
a t  50°C, gave a  p ro d u c t a f t e r  301 h o u rs  w ith  40.41% p ro p io n ic  a c id .
Com parison o f  D ilu te d  w ith  U n d ilu te d  P ro p io n y la t io n  S o lu tio n s  U sing
S u lp h u ric  A cid C a ta ly s t
In  o rd e r  to  f in d  o u t th e  e f f e c t iv e n e s s  o f th e  d i l u e n t  in  p re p a r in g  
f u l l y  p ro p io n y la te d  c e l lu lo s e  h av in g  a h ig h  m o le c u la r  w e ig h t, th e  same 
p re v io u s  p ro p io n y la tio n  s o lu t io n  in  th e  p re se n c e  o f  s u lp h u r ic  a c id  was 
used  w ith o u t ca rb o n  t e t r a c h l o r id e  d i l u e n t .  The r e s u l t s  a r e  summarized 
in  T ab le  4 .2 .  A ll  CTP sam ples were in  powder form  and t h e i r  s o l u b i l i t y  
t e s t s  in  c h lo ro fo rm  showed th e  p re se n c e  o f  s l i g h t  t r a c e s  o f g e l .
T ab le  4 .2 .  C h a r a c te r iz a t io n  Of CTP Sam ples P re p a re d  From A G iven 
P r o p io n y la t io n  M ix tu re  W ith And W ithout D ilu e n t In  The P resen ce  Of 
S u lp h u ric  A cid C a t a ly s t .
D ilu e n t Concn. o f P ro p io n y la t io n  
CCl^ C a ta ly s t  tim e  (hr)
( 10~3 M)
Wt.%
P ro p io n ic
a c id
D S LVN in  
ch lo ro fo rm
( d ig " 1)
Mn
a -  At 20°C
w ith  17 .27 29 66.51 2.931 0 .4605 43 ,600
w ith o u t 86 .2 6 5 .2 66 .35 2.917 1.465 146,400
w ith o u t " 8 66.45 2.926 0.9648 94,500
b -  At 40°C
w ith o u t 86 .26 6 66 .55 2 .935 2.2082 19 ,000
Com parison o f  S u c c e ss iv e  D i lu t io n s  o f P ro p io n y la t io n  S o lu tio n  C o n ta in in g  
Z inc C h lo r id e  C a ta ly s t  w ith  D if f e r e n t  D ilu e n t's
In  t h i s  s tu d y  a s e r i e s  o f p ro p io n y la t io n  m ix tu re s  w ere employed 
which were o b ta in e d  by d i l u t i o n  o f a s to c k  e s t e r i f i c a t i o n  m ix tu re  w ith  
v a r io u s  am ounts o f th e  c o rre sp o n d in g  d i l u e n t .  The c o m p o sitio n  o f th e  s to c k  
p ro p io n y la t io n  m ix tu re  was t h a t  used f o r  th e  k i n e t i c  s tu d ie s  (p .6 0 )»  Here 
some CTP sam ples ar.e c o n s id e re d  w hich have a l r e a d y  been o b ta in e d  in  th e  
k i n e t i c  s tu d ie s .  The r e s u l t s  o f th e s e  p r e p a r a t io n s  a re  summarized in  
T ab le  4 .3 ; h e re  vol% p ro p io n ic  a c id  added i s  b ased  in  a t o t a l  volum e 
c o n s is t in g  o f s to c k  s o lu t io n  p lu s  d i l u e n t  added to  i t .  A ll  f u l l y  
p ro p io n y la te d  c e l lu lo s e  sam ples were in  powder fo rm , ex ce p t i n  th e  c a s e  
o f  u s in g  6 1 .50  ml o f  carb o n  t e t r a c h l o r id e  where th e  p ro d u c t was f ib r o u s .  
V is c o s i ty  m easurem ents in d ic a te d  th a t  th e  f u l l y  p ro p io n y la te d  c e l l u l o s e ,  
p rep a red  in  th e  p re se n c e  o f  d ic h lo ro m e th a n e , had a  low er m o le c u la r  w eig h t 
th a n  th a t  p re p a re d  w ith  ca rb o n  d is u lp h id e  d i l u e n t ,  a lth o u g h  a  p r e c i s e  
m o le c u la r  w eig h t can n o t be g iv e n .
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C om parison of D i f f e r e n t  C o n d itio n s
A few CTP sam ples were p rep a red  and c h a r a c te r iz e d  in  o rd e r  to  s tu d y  
th e  e f f e c t s  o f p ro p io n ic  a c id  c o n c e n tr a t io n  in  th e  p ro p io n y la t io n  s o lu t io n ,  
r e a c t io n  te m p e ra tu re ,  and d i f f e r e n t  p ro p io n y la t io n  m ix tu re  co m p o sitio n  
in  th e  p re se n c e  o f  te l lu r iu m  t e t r a c h l o r i d e  c a t a l y s t .  The p r o p io n y la t io n  
m ix tu re  c o m p o s itio n , c o n d i t io n s  u se d , and r e s u l t s  o b ta in e d  a r e  shown in  
T ab le  4 .4 .  The amount o f  p ro p io n ic  an h y d rid e  and c e l l u l o s e  w ere th e  
same a s  used  f o r  th e  p re c e d in g  s tu d ie s  (14 .125g  and l.OOOg r e s p e c t iv e l y ) ;  
a l l  CTP sam ples were o b ta in e d  in  f ib r o u s  form  e x c e p t when u s in g  te l lu r iu m  
t e t r a c h l o r i d e  w here th e  p ro d u c t was a powder.
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DISCUSSION OF RESULTS AND OPTIMUM CONDITIONS FOR PREPARATION OF
CELLULOSE TRIPROPIONATE
In f lu e n c e  o f  C o n c e n tra tio n  and Type o f C a ta ly s t
The n a tu re  o f  th e  c a t a l y s t  in  r e s p e c t  o f  d e g ra d a tio n  d u r in g  
p ro p io n y la t io n  i s  v e ry  e f f e c t i v e ,  and c o r r e c t  s e l e c t io n  of c a t a l y s t  
to  g iv e  a h ig h  m o le c u la r  w eig h t i s  o f  c o n s id e ra b le  im p o rtan ce . T h is  
i s  seen  in  T able 4 .1  w hich shows b ig  d i f f e r e n c e s  betw een m o le c u la r  
w e ig h ts  o f  th e  p re p a re d  CTP sam ples . W hile in  some c a se s  th e  tim e  
o f  e s t e r i f i c a t i o n  f o r  a  h ig h e r  m o le c u la r  w eigh t sample i s  l e s s  th a n  
th a t  fo r  a low er m o le c u la r  w eigh t sam ple, th e  r e v e r s e  i s  a l s o  fo u n d .
T h is  i s  p ro b ab ly  acc o u n ted  fo r  by d i f f e r e n t  r a t i o s  o f  r a t e  o f  
d e g ra d a tio n  tb: p ro p io n y la t io n  f o r  d i f f e r e n t  C a ta ly s ts .
S u lp h u ric  a c id  h a s  been  w id e ly  used  a s  a c a t a l y s t  f o r  th e  m a n u fa c tu re
o f  c e l l u lo s e  p ro p io n a te  and a l th o u g h  a v e ry  a c t iv e  o n e , com pared to
o th e r  c a t a l y s t s ,  i t  c a u se s  c o n s id e ra b le  d e g ra d a tio n . S p e c ia l
s t a b l i z a t i o n  o f  th e  p ro d u c t i s  u s u a l ly  n e c e s s a ry .  T ab le  4 .1  shows t h a t
th e  low est m o le c u la r  w e ig h t CTP i s  o b ta in e d  w ith  t h i s  c a t a l y s t .  Thus
CTP p rep a red  w ith  f e r r i c  c h lo r id e  c a t a l y s t  a f t e r  43 h o u rs  has a  m o le c u la r
w eigh t 2 .4  tim es  t h a t  fo r  CTP p re p a re d  a f t e r  29 h o u rs  w ith  s u lp h u r ic  a c id
(55)
c a t a l y s t .  O ther m ethods have been  su g g es ted  f o r  m in im iz in g  th e
d e g ra d a tio n  o f th e  p ro d u c t o f  p ro p io n y la t io n  in  th e  c a se  o f  t h i s  c a t a l y s t ,  
b u t becau se  o f  th e  la r g e  number o f  s e p a ra te  s te p s  in v o lv ed  th e s e  
p ro c e d u re s  a r e  in c o n v e n ie n t to  c a r r y  o u t .
The r e s u l t s  o f th e  s tu d y  o f ca rb o n  t e t r a c h l o r id e  a s  d i l u e n t  in  th e  
p re se n c e  o f  s u lp h u r ic  a c id  (T able 4 .2 )  shows d e g ra d a tio n  to  be 
in c re a s e d  by th e  p re se n c e  o f  d i l u e n t ,  and i t  a p p e a rs  t h a t  t h i s  c a t a l y s t  
i s  n o t s u i ta b le  f o r  p r e p a r a t io n  o f  f ib r o u s  CTP. T a b le s  4 .1  and 4 .2  show
th e  d e g re e s  o f  p ro p io n y la t io n  o f  a l l  CTP sam ples p rep a red  w ith  s u lp h u r ic  
a c id  n o t to  exceed  66.6%, w hich s u g g e s ts  a d e f i n i t e  l i m i t  to  th e  d eg ree  
o f  p ro p io n y la t io n  w ith  t h i s  c a t a l y s t .  No such l i m i t  a p p e a rs  to  e x i s t  f o r  
th e  o th e r  c a t a l y s t s  a s  shown by in c re a s e d  s o l u b i l i t y  w ith  f u r th e r  
p ro p io n y la t io n  tim e .
Antimony p e n ta c h lo r id e ,  s ta n n ic  c h lo r id e ,  and f e r r i c  c h lo r id e  show 
l e s s  c a t a l y t i c  e f f i c i e n c y  th a n  s u lp h u r ic  a c id ,  b u t a re  much more 
s a t i s f a c t o r y  c a t a l y s t s  f o r  p re p a r in g  h ig h  m o le c u la r  w eigh t CTP. The 
m o le c u la r  w e ig h ts  of CTP sam ples p re p a re d  in  th e  p re se n c e  o f th e s e  
c a t a l y s t s  (T able 4 . 1 ) ,  t h e i r  e s t e r i f i c a t i o n  t im e s ,  and d eg ree s  o f 
p r o p io n y la t io n  in d ic a te  f e r r i c  c h lo r id e  to  be a b e t t e r  c a t a l y s t  th a n  
s ta n n ic  c h lo r id e ,  w hich in  tu r n  i s  a  b e t t e r  c a t a l y s t  th a n  an tim ony  
p e n ta c h lo r id e .  The m o le c u la r  w e ig h t o f  a  CTP sample p re p a re d  w ith  a  low er 
c o n c e n tra t io n  o f  f e r r i c  c h lo r id e  a f t e r  137 h o u rs  i s  s t i l l  com parable 
to  t h a t  f o r  s ta n n ic  c h lo r id e ,  and th e  deg ree  o f p ro p io n y la t io n  i s  v e ry  
c lo s e  to  th e  t h e o r e t i c a l  v a lu e .
I t  i s  n o t a d v is a b le  to  u se  a t i ta n iu m  t e t r a c h l o r i d e  c a t a l y s t  fo r  
th e  p r e p a r a t io n  o f  CTP due to  i t s  poor s o l u b i l i t y  in  e i t h e r  p ro p io n ic  a c id  
o r  p ro p io n ic  an h y d rid e  and i t s  low c a t a l y t i c  e f f e c t .  I t  can  o n ly  u s e f u l l y  
be used  a t  h ig h e r  te m p e ra tu re s  b u t r e s u l t s  in  a  much low er m o le c u la r  w e ig h t 
th a n  fo r  o th e r  m e ta l h a l id e  c a t a l y s t s  (T ab le  4 .1 )  and th e  p ro d u c t i s  n o t 
w h ite .
As th e  r e s u l t s  show (T ab le  4 .1 )  t e l lu r iu m  t e t r a c h l o r id e  i s  a  v e ry  good 
c a t a l y s t  fo r  p re p a r in g  CTP and g iv e s  a v e ry  h ig h  m o le c u la r  w eigh t u n d er 
th e  c o n d i t io n s  u sed . T h is  c a t a l y s t  h as  a  d is a d v a n ta g e  when used  in  th e  
f ib r o u s  p ro c e s s  a t  te m p e ra tu re s  h ig h e r  th a n  20°C, when i t  i s  g r a d u a l ly  
decomposed and lo s e s  i t s  c a t a l y t i c  e f f e c t  to  g iv e  a g re y  c o lo u re d  p ro d u c t .  
T h is  p ro c e s s  i s  a c c e le r a te d  when th e  p r o p io n y la t io n  m ix tu re  i s  f u r t h e r  
a g i t a t e d .
I t  can  be seen  from T a b le s  4 .1  and 4 .3  t h a t  z in c  c h lo r id e  i s  th e  
m ost s a t i s f a c t o r y  c a t a l y s t  fo r  th e  p r e p a r a t io n  o f a  f u l l y  p ro p io n y la te d  
h ig h  m o lecu la r  w eigh t p ro d u c t in  b o th  th e  f ib r o u s  and s o lu t io n  p ro c e s s e s .  
However t h i s  c a t a l y s t  i s  n o t a f a s t  o n e , and f o r  th e  p r e p a r a t io n  o f  
CTP in  a s h o r t  tim e  th e  e s t e r i f i c a t i o n  m ust b e  c a r r i e d  o u t a t  h ig h e r  
te m p e ra tu re s .
I t  c a n  be seen  t h a t  in  g e n e ra l  fo r  a g iv e n  p ro p io n y la t io n  c o n d i t io n  
a s  th e  c a t a l y s t  c o n c e n tr a t io n  i s  in c re a s e d  a low er m o le c u la r  w eigh t 
CTP i s  o b ta in e d ,  w h ile  th e  p r e p a r a t io n  tim e  i s  d e c re a se d .
In f lu e n c e  o f D ilu e n t Volume F r a c t io n ,  Type o f  D ilu e n t ,  and T em peratu re
The r a t i o  o f  r a t e  o f  d e g ra d a tio n  to  r a t e  o f p ro p io n y la t io n  i s  g r e a t ly  
a f f e c te d  by th e  n a tu re  o f  d i lu e n t  and i t s  volum e f r a c t i o n  in  s o lu t io n ,  
as  w e ll as  by th e  ty p e  o f  c a t a l y s t .  P ro p io n ic  a c id  i s  a  poor s o lv e n t 
fo r  CTP and a sm all amount o f  i t  was alw ays p re s e n t  in  th e  p ro p io n y la t io n  
m ix tu re , s in c e  i t  was used  to  a c t i v a t e  th e  c e l l u lo s e  and to  d is s o lv e  th e  ' 
c a t a l y s t .  The r e s u l t s  o f  u s in g  t h i s  re a g e n t a lo n e  a s  d i l u e n t  (T ab le  4 .3 )  
show i t  to  be a poor o n e , s in c e  in c r e a s in g  i t s  volume f r a c t io n  in c re a s e s  
th e  tim e  o f  CTP p re p a ra t io n ,  and low er m o le c u la r  w eigh t sam ples a re  
o b ta in e d .  W hereas u s in g  a  h ig h e r  p ro p o r t io n  o f  p ro p io n ic  a c id  w ith  c a rb o n  
t e t r a c h l o r id e  a s  d i l u e n t ,  a more h ig h ly  p ro p io n y la te d  c e l lu lo s e  c a n  be 
p re p a re d  in  a much s h o r te r  tim e . T h is  i s  seen  f o r  CTP p re p a re d  w ith  34.85m l 
ca rb o n  t e t r a c h l o r id e  (T able 4 .3 )  and th e  CTP o b ta in e d  (T able 4 .4 )  u s in g  th e  
same m ix tu re  b u t r e p la c in g  3 .6  ml o f  th e  p ro p io n ic  a c id  w ith  ca rb o n  
t e t r a c h l o r id e  to  g iv e  38 .9  ml o f  ca rb o n  t e t r a c h l o r i d e .
A P ro p io n y la t io n  s o lu t io n  c o n ta in in g  o n ly  p ro p io n ic  a n h y d r id e , c a t a l y s t ,  
and p ro p io n ic  a c id  i s  a poor s o lv e n t f o r  CTP, b u t  i t s  s o lv e n t  power ca n  be 
im proved by th e  a d d i t io n  o f a n o n -s o lv e n t such a s  ca rb o n  t e t r a c h l o r i d e ,  
o r ca rb o n  d is u lp h id e .  T h is  may be due to  p o s s ib le  s o lv a t io n  o f  d i f f e r e n t
g roups o f  th e  CTP by th e  d i l u e n t  , o r  th e  m ix tu re ' may p ro v id e  a b e t t e r  
m atch  fo r  th e  c o h e s iv e  en erg y  d e n s i ty  o f  th e  CTP.
As p re v io u s ly  d e s c r ib e d  (p . 81) th e  im provem ent in  s o lv e n t  power 
in c r e a s e s  w ith  th e  volume f r a c t i o n  o f  n o n -s o lv e n t  in  th e  p r o p io n y la t io n  
m ix tu re .  S o lv en t power m ust th e r e f o r e  p a s s  th ro u g h  a maximum and th e n  
d e c re a s e ,  so t h a t  f i n a l l y  th e  s o lu t io n  changes over t o  th e  f ib r o u s  p r o c e s s .  
T ab le  4 .3  show s, in  th e  c a se  o f ca rb o n  t e t r a c h l o r id e  d i l u e n t  t h a t  a s  th e  
s o lv e n t  power o f  th e  p ro p io n y la t io n  s o lu t io n  in c re a s e s  a CTP w ith  a 
h ig h e r  m o le c u la r  w eigh t i s  o b ta in e d  in  a s h o r te r  tim e . But th e  h ig h e s t  
m o le c u la r  w eigh t CTP p rep a red  u n d er c o n d i t io n s  o f  maximum s o lv e n t  power 
( g r e a t e s t  a b i l i t y )  i s  o n ly  s l i g h t l y  g r e a t e r  th a n  t h a t  o b ta in e d  from th e  
same p ro p io n y la t io n  m ix tu re , w hich had been  d i l u te d  by th e  minimum am ount 
o f  n o n -s o lv e n t r e q u ir e d  to  j u s t  change th e  p ro c e s s  from  a  s o lu t io n  one to  
a f ib ro u s  one. The volume o f  n o n -s o lv e n t used  in  T ab le 4 .3  f o r  p r e p a r a t io n  
o f  f ib r o u s  CTP was more th a n  t h a t  needed fo r  chang ing  th e  p ro c e s s  from  
a s o lu t io n  to  a f ib r o u s  one, and th e r e f o r e  a low er m o le c u la r  w eig h t was 
o b ta in e d .
The p r e p a r a t io n  o f  CTP in  th e  p re se n c e  o f  v a r io u s  d i l u e n t s  (T ab le  4 .3 )  
show t h a t  a ca rb o n  d is u lp h id e  d i l u e n t  i s  th e  m ost s a t i s f a c t o r y  one; in  t h i s  
c a s e  CTP can be p re p a re d  w ith  th e  h ig h e s t  m o le c u la r  w eigh t in  th e  s h o r te s t  
tim e .
The in f lu e n c e  o f  p ro p o r tio n  and n a tu re  o f  d i l u e n t  on th e  p r e p a r a t io n  
o f  CTP h as  o n ly  been  s tu d ie d  fo r  z in c  c h lo r id e  c a t a l y s t ,  bu t. th e  r e s u l t s  
may be a p p l ic a b le  to  o th e r  m e ta l c h lo r id e  c a t a l y s t s .  A h ig h  m o le c u la r  
w eigh t CTP, w ith  a deg ree  o f p ro p io n y la t io n  v e ry  c lo s e  to  th e  t h e o r e t i c a l  
v a lu e ,  c o u ld  b e  p re p a re d  in  th e  p re se n c e  o f  t e l lu r iu m  t e t r a c h l o r id e  
(T ab le 4 .4 ) ,  u s in g  ap p ro x im a te ly  th e  same volume f r a c t io n s  o f  d i l u e n t  and  . 
p ro p io n ic  a c id  in  th e  p ro p io n y la t io n  s o lu t io n  a s  used  in  th e  p re se n c e  o f 
z in c  c h lo r id e .
The r e s u l t s  fo r  th e  p r e p a ra t io n  o f  CTP w ith  a g iven  p r o p io n y la t io n  
s o lu t io n ,  a t  two d i f f e r e n t  te m p e ra tu re s  (T ab le  4 . 4 ) ,  show t h a t  a h ig h e r
te m p e ra tu re  g iv e s  CTP w ith  a much reduced  r e a c t io n  tim e  w ith o u t d e c re a s in g  
th e  m o le c u la r  w eigh t v e ry  much.
Optimum C o n d itio n s  f o r  P re p a ra t io n  of High M o lecu la r W eight C e l lu lo s e  
T r ip ro p io n a te
W ith re g a rd  to  th e  r e s u l t s  o b ta in e d  in  th e  CTP p re p a r a t io n  s tu d ie s ,  
u s in g  z in c  c h lo r id e  a s  c a t a l y s t ,  carbon  d is u lp h id e  was ch o sen  a s  th e  
d i l u e n t  f o r  th e  p r e p a r a t io n  o f a h ig h  m o le c u la r  w eigh t p ro d u c t .  F u r th e r  
e x p e rim en ts  were c a r r i e d  ou t to  f in d  th e  optimum co m p o sitio n  o f  th e  
p ro p io n y la t io n  m ix tu re .  For th e  s o lu t io n  p ro c e s s ,  th e  volum e f r a c t io n s  o f  
d i l u e n t  and p ro p io n ic  a c id  in  th e  p ro p io n y la t io n  s o lu t io n  w ere found w hich 
gave th e  f u l l y  p ro p io n y la te d  c e l lu lo s e  in  th e  s h o r t e s t  tim e  a t  40°C. A 
s im i la r  i n v e s t i g a t io n  was c a r r i e d  o u t f o r  th e  f ib r o u s  p r o c e s s ,  in v o lv in g  
ru n s  in  w hich th e  tim e s  to  j u s t  g iv e  a  c h lo ro fo rm  s o lu b le  p ro d u c t were 
d e te rm in e d . The f i n a l  optimum c o n d i t io n s  o b ta in e d  f o r  th e  p r e p a r a t io n  o f 
h ig h  m o le c u la r  w eig h t CTP sam ples a re  summarized in  T ab le 4 .5 .
T ab le  4 .5 .  C h a r a c te r iz a t io n  Of CTP Sam ples P re p a re d  Under Optimum P r o p io n y la t io n  
C o n d itio n s  At 40°C F o r One Gram Of C e l lu lo s e .
P ro c e ss Wt. o f
P ro p io n ic
a c id (g )
Wt. o f 
P ro p io n ic  
an h y d rid e  
(g)
Wt. o f
CS2
(g)
Concn. o f 
ZnCl2
( io " 3m)
Time
(h r )
Wt.%
P ro p io n ic
a c id
Mn
F ib ro u s 4 .0 0 9 .1 0 44.05 52.9 115 67 .02 230,300
S o lu tio n 3 .09 7 .57 9 .4 7 139 38 67 .10 230,900
The d e g re e s  o f  s u b s t i t u t i o n  (DS) fo r  th e  sam ples o b ta in e d  by th e  f ib r o u s  
and s o lu t io n  p ro c e s s e s  were r e s p e c t iv e ly  2 .977  and 2 .9 8 4 . The c o rre sp o n d in g  
LVN v a lu e s  in  c h lo ro fo rm  a t  25°C were 2 .261  and 2.266 d ig  ^ r e s p e c t i v e l y .
Since th e  m o le c u la r  w eigh t o f th e  p re p a re d  CTP depends on th e  o r ig in a l  
m o le c u la r  w eig h t o f th e  c e l l u lo s e ,  i t  i s  n o t  v a l id  to  d i r e c t l y  compare 
th e s e  m o le c u la r  w e ig h ts  w ith  th o s e  w hich have been p re v io u s ly  r e p o r te d .
But a s  f a r  a s  can  be a s c e r ta in e d  from th e  l i t e r a t u r e ,  no f u l l y  
p ro p io n y la te d  c e l lu lo s e  sam ples have been  o b ta in e d  w ith  such a h ig h  
m o lecu la r w eigh t u s in g  a c id  c a ta ly z e d  m e thods, in c lu d in g  z in c  c h lo r id e  
a s  a Lewis a c id .
As p re v io u s ly  m en tioned , Malm e t  a l . ^ 3 \  S ir c a r  e t  a l . ^ \  and 
o th e r s  found t h a t  in  th e  p ro p io n y la t io n  o f  c e l l u lo s e ,  u s in g  p ro p io n y l 
c h lo r id e  a mixed p ro p io n a te -a -p ro p io n y lp ro p io n a te  e s t e r  was form ed.
E vidence f o r  t h i s  was n o t found in  th e  p r e s e n t  w ork. No r e s u l t s  have 
so f a r  been r e p o r te d  fo r  th e  p r e p a r a t io n  o f  CTP u s in g  th e  t r i f l u o r a c e t i c  
an h y d rid e  method p roposed  by S tacey  e t  a l . ^ ^ ;  such a m ethod would 
p ro b ab ly  n o t be econom ical fo r  u se  a s  a n  i n d u s t r i a l  p ro c e s s .
CONCLUSION
In  th e  a c id  c a ta ly z e d  method fo r  CTP p r e p a r a t io n ,  a  number of 
m e ta l c h lo r id e  c a t a l y s t s  can  be used  s u c c e s s f u l ly  t o  p re p a re  a s ta b le  
f u l l y  p ro p io n y la te d  c e l lu lo s e  o f  h ig h  p u r i t y .  The m o le c u la r  w eig h t o f 
CTP p rep a red  u nder v a r io u s  r e a c t io n  c o n d i t io n s  f o r  a  g iv en  tim e  i s  n o t 
c o n s ta n t ,  and i s  d e te rm in ed  by th e  n a tu r e s  of c a t a l y s t  and d i l u e n t ,  
c a t a l y s t  c o n c e n tr a t io n ,  th e  volume f r a c t i o n s  o f  d i l u e n t ,  p ro p io n ic  a c i d ,  
and p ro p io n ic  an h y d rid e  p r e s e n t  in  th e  p r o p io n y la t io n  s o lu t io n ,  and 
te m p e ra tu re . These f a c to r s  c l e a r l y  a f f e c t  th e  r a t i o  o f th e  r a t e  o f  
d e g ra d a tio n  to  r a t e  o f p ro p io n y la t io n .  T h is  r a t i o  in  th e  p re se n c e  o f th e  
m e ta l c h lo r id e s ,  u s in g  carb o n  t e t r a c h l o r id e  a s  d i l u e n t ,  i s  much l e s s  th a n  
in  th e  c a se  o f u s in g  s u lp h u r ic  a c id  c a t a l y s t .
Optimum c o n d i t io n s  fo r  th e  p r e p a r a t io n  o f  h ig h  m o le c u la r  w e ig h t CTP 
in  b o th  th e  f ib r o u s  and s o lu t io n  p r o c e s s e s ,  have been  e s ta b l i s h e d  f o r  th e  
f u l l  p ro p io n y la t io n  o f  c e l l u l o s e  u s in g  a z in c  c h lo r id e  c a t a l y s t .  T e llu r iu m  
t e t r a c h l o r id e  i s  a l s o  a  v e ry  s u c c e s s f u l  c a t a l y s t  f o r  p re p a r in g  h ig h  
m o le c u la r  w eigh t CTP in  th e  s o lu t i o n  p ro c e s s ; w h ile  f e r r i c  c h lo r id e  i s  a 
good f a s t  c a t a l y s t  fo r  th e  p r e p a r a t io n  o f  h ig h  m o lecu la r w eig h t CTP in  
b o th  th e  s o lu t io n  and f ib r o u s  p ro c e s s e s .
CHAPTER V 
SOLUBILITY OF CELLULOSE 
TRIPROPIONATE IN VARIOUS 
SOLVENTS
INTRODUCTION
Thermodynamic T h e o r ie s  o f High P o ly m er-S o lv en t M ix tu re s
In  o rd e r  to  d is s o lv e  a polym er in  a s o lv e n t th e  f r e e  e n e rg y  o f
m ix ing  (AG ) m ust be n e g a t iv e , and t h i s  i s  d e f in e d  by th e  h e a t  (AH ) m m
and e n tro p y  (AS ) o f  m ixing a t  a g iv e n  a b s o lu te  te m p e ra tu re  (T) as  m
shown in  th e  r e l a t i o n s h ip :
AG = AH -  TAS (5 .1 )m m  m
F lo ry  ^ 3 )  an(j Huggins (^0) , on th e  b a s is  o f  th e  main assum ption  th a t
s o lv e n t 'm o le c u le s  and polym er c h a in  segm ents a re  a p p ro x im a te ly  eq u a l
in  s i z e  and can  re p la c e  each  o th e r  in  th e  l a t t i c e ,  e x p re sse d  th e
e n tro p y  o f  m ixing  a s  fo llo w s :
AS = -  k (n  In  <j) + n In  (j) ) ' (5 .2 )m I  i  z z
Here n^ and a r e  th e  number o f  s o lv e n t and polym er m o le c u le s
r e s p e c t iv e l y ,  <J)^  and (f>2 a r e  th e  volume f r a c t i o n s  o f  so lv e n t and
polym er r e s p e c t iv e l y  and k = R/N where R i s  th e  g as  c o n s ta n t  and N
A v ogad ro 's  num ber. The v a lu e  o f  AS^ i s  a lw ays p o s i t i v e  and th e r e f o r e
in  a n o n p o la r  p o ly m e r-so lv e n t m ix tu re , th e  m agn itude o f  th e  p o s i t i v e
h e a t  o f m ix ing  d e te rm in e s  w hether d i s s o lu t io n  o ccu rs  o r n o t  ( in  a
p o la r  p o ly m e r-so lv e n t m ix tu re  d i s s o lu t io n  i s  e s p e c i a l l y  fav o u red  when
hydrogen  bonding  i s  in v o lv ed  and AH i s  n e g a t iv e ) .m
(71)S c o tt  and Magat have e x p re s se d  th e  t o t a l  h e a t  o f  m ix in g  p e r
u n i t  volume o f  s o lu t io n  o n ly  v e ry  a p p ro x im a te ly  by th e  fo llo w in g  
r e l a t i o n s h i p ,  ,
AHm = KCCAE^/V^172 -  (AE2/V2) 1 /2 ] 2 ^  (5 .3 )
Here K i s  a  c o n s ta n t  somewhat la rg e r  th a n  u n i t y ,  b u t  f o r  a  n o n p o la r 
p o ly m e r-so lv e n t m ix tu re  in  w hich o n ly  d is p e r s io n  fo r c e s  a re  in v o lv e d , 
i t  i s  e q u a l to  one. AE^, and AE  ^ a re  th e  e n e rg ie s  o f  v a p o r iz a t io n  
o f  s o lv e n t  and po lym er, and and th e  s o lv e n t  and polym er m olar 
volum es r e s p e c t iv e l y .  The te rm  Ae /V i s  d e f in e d  a s  th e  " c o h e s iv e  
energy  d e n s i ty "  o f th e  compound and i t s  square  ro o t  i s  known a s  
th e  " s o l u b i l i t y  p a ra m e te r"  ( 6 ) .  Thus Eq. 5 . 3 . can  be w r i t t e n  a s
ASm = (61 -  V 2 *1*2 ( 5 -4)
S c o tt  and M agat have a l s o  g iv e n  th e  p a r t i a l  m olar h e a t o f  m ix ing
(AH ) a s  fo llo w s  m
AH = Vn (S. -  S ) 2 &  (5 .5 )m . I  i  z 2.
These h e a t  o f m ix ing  r e l a t i o n s h ip s  show t h a t  a  th e rm o d y n am ica lly  good
so lv e n t fo r  a polym er h as  a s o l u b i l i t y  p a ram ete r v a lu e  c lo s e  t o  t h a t
fo r  th e  po lym er.
The s o l u b i l i t y  o f  a compound (m olar volume V) w hich can  be
v a p o r iz e d - is  d e te rm in ed  d i r e c t l y  from  th e  h e a t  o f  v a p o r iz a t io n
(72)p e r m ole (AH^) u s in g  th e  r e l a t io n s h ip
62 = (AH -  RT)/V (5 .6 )
S ince  polym ers a re  n o t s u f f i c i e n t l y  v o l a t i l e  fo r  t h e i r  h e a ts  o f
v a p o r iz a t io n  to  be m easured d i r e c t l y ,  t h e i r  s o l u b i l i t y  p a ra m e te rs  m ust
be o b ta in e d  e x p e r im e n ta lly  u s in g  o th e r  m e thods. T hese in c lu d e  s w e ll in g
s tu d ie s  o f c r o s s l in k e d  o r  c r y s t a l l i n e  po lym ers in  s o lv e n ts  h a v in g
d i f f e r e n t  <S v a lu e s ,  and l i m i t in g  v i s c o s i t y  m easurem ents where
maximum v a lu e s  a r e  o b ta in e d  when & method f o r  th e  c a l c u l a t i o n
(73)o f s o l u b i l i t y  p a ra m e te rs  has been g iv en  by sm all (E q .5 .7 ) ,  who
assumed th a t  th e  g eo m etric  mean r u l e  h o ld s  when c a l c u la t in g  th e  en e rg y  
betw een a p a i r  o f  d i s s im i la r  m o le c u le s . He p ro p o sed  t h a t  s o l u b i l i t y
p a ra m e te r  c o n t r ib u t io n s  w ere made by th e  d i f f e r e n t  groups o r  r a d i c a l s  
ex p re ssed  by
6 = (EF)/V  (5 .7 )
Here £F i s  th e  sum o f  th e  m o lar a t t r a c t i o n  c o n s ta n ts  (F) w hich were
d e r iv e d  f o r  each  o f  th e  d i f f e r e n t  g roups in  th e  m o lecu le  from  h e a ts
(74)
o f  e v a p o ra tio n . Hoy h a s  a ls o  d e r iv e d  th e  m olar a t t r a c t i o n  c o n s ta n ts
fo r  d i f f e r e n t  m o le c u la r  g ro u p s from vapour p re s s u re  m easu rem en ts.
S ince  th e r e  a re  v a r io u s  in t e r a c t io n s  betw een th e  m o lecu le s  o f a 
compound w hich c o l l e c t i v e l y  d e te rm in e  th e  en erg y  o f v a p o r iz a t io n ,  
c o n se q u e n tly  th e  r e s u l t a n t  s o l u b i l i t y  p a ra m e te rs  can  be a t t r i b u t e d  
to  d i f f e r e n t  s o l u b i l i t y  p a ram ete r c o n t r ib u t io n s .  These a r e  due to  
d is p e r s io n  fo rc e s  (6 ^ ) ,  d ip o le - d ip o le  and d ip o le - in d u c e d  d ip o le  fo r c e s  
(6 ^ ) , and hydrogen  bond ing  (5^) which a re  r e l a t e d  by th e  e x p re s s io n  
2 2 2 26 = <5, + 6 + 6, (5 .8 )d p h
B lanks and P r a u s n i tz  e s tim a te d  6', and 6 fo r  a s e r i e s  o fd p
p o la r  s o lv e n ts  by com parison  w ith  t h e i r  r e s p e c t iv e  homomorph s o lv e n ts
where hydrogen  bo n d in g  i s  n o t  in v o lv e d . A homomorph fo r  a p o la r
compound i s  a  n o n p o la r  compound which h as  a m o lecu la r  s iz e  and shape
v e ry  c lo s e  to  i t .  They a l s o  e s t im a te d  th e  6 , and 6 o f  a few
d P
polym ers by com parison  w ith  th o se  l i q u id s  which m ost resem b led  th e
s t r u c t u r a l  u n i t  o f th e  polym er and th e  homomorphs o f  th e s e  monomeric
l i q u i d s ,  u s in g  th e  fo llo w in g  r e l a t i o n s h ip .
2 2 
6 , (polym er) 6 , (monomeric l iq u id )
J ? __________  =_d________________  (5 .9 )
2 26 (polym er) 6 (monomeric l iq u id )
The B lanks and P ra u s n i tz  method was m od ified  by Hansen
c a lc u la te d  th e  a p p ro x im a te ly , fo r  n in e ty  s o lv e n ts  by exam in ing  th e
s o l u b i l i t y  o f t h i r t y - t h r e e  po lym ers in  th e s e  s o lv e n ts  u s in g  a t r i a l  and
e r r o r  p ro c e d u re . He h as  a l s o  g iv e n  r e l a t i o n s h ip s  fo r  d i r e c t  c a l c u l a t i o n
of d, and 6 f o r  any s o lv e n t ,  h P
The s o l u b i l i t y  p a ra m e te r  o f  a polym er may be d e term ined  from  i t s
(78)
s o l u b i l i t y  in  a ra n g e  o f  s o lv e n t s .  B u r r e l l  h a s  ex p la in ed  th a t
th e  m id p o in t o f th e  s o l u b i l i t y  p a ram e te r  ra n g e  f o r  so lv e n ts  in  w hich
th e  polym er i s  so lu b le  can  g iv e  an  ad eq u a te  e s t im a t io n  o f  th e
s o l u b i l i t y  p a ra m e te r . He d iv id e d  th e  s o lv e n ts  i n to  th r e e  h y d ro g en -
bonded c l a s s e s ,  on th e  b a s i s  o f  t h e i r  d. v a lu e s ,  in  o rd e r  toh
d e te rm in e  th e  s o l u b i l i t y  p a ra m e te rs  o f  com m ercial polym ers fo r  each  
c l a s s  o f s o lv e n ts .
The I n t e r a c t i o n  P aram eter X
F l o r y ^ ^  and H u g g i n s h a v e  in tro d u c e d  a  p o ly m e r-so lv e n t
in t e r a c t i o n  p a ra m e te r , X> w hich i s  c h a r a c t e r i s t i c  o f  a g iv en  p o ly m er-
so lv e n t m ix tu re . A la rg e  polym er m o lecu le  can  d is s o lv e  in  a s o lv e n t
on ly  i f  X i s  l e s s  th a n  0 .5 ,  w hich i s  a c r i t i c a l  v a lu e ; when t h i s
v a lu e  i s  exceeded o n ly  s w e llin g  o c c u rs .  The p a ra m e te r  x c o n s i s t s  o f  th e
e n th a lp y  and e n tro p y  c o n t r ib u t io n  te rm s , Xu an<i  Xo r e s p e c t iv e ly ,  a sH b
shown by E q .5 .1 0  below . In  th e  c a s e  o f n o n p o la r p o ly m e r-so lv e n t 
system s where th e r e  i s  no s p e c i f i c  p o ly m e r-so lv e n t in t e r a c t io n  e f f e c t s ,  
th e  Eq. 5 .1 1  g iv e n  below  shou ld  a p p ly .
X = XH + xs (5.10)
(St  -  s2)2 V
where Xu = ----------------------------------------------- (5 .11 )
RT
(81)The e n tro p y  p a ra m e te r , Xc > f ° r  some system s does n o t depend
on th e  polym er -  s o lv e n t i n t e r a c t i o n  a s  found fo r  p o ly (m eth y l m e th a c r y la te )
Xg i s  g iv en  by 1/Z where Z i s  th e  l a t t i c e  c o o rd in a t io n  number and
d i f f e r e n t  v a lu e s  fo r  Xq have b een  u se d . B lanks and P r a u s n i t z o b t a i n e d
a  mean v a lu e  o f  0 .3 4  from  tw e n ty - th re e  c a l c u la t io n s  fo r  n o n p o la r  p o ly m e r-
(82 )n o n p o la r s o lv e n t system s. S c o tt p o in te d  o u t th a t  Xg i s  g r e a te r  th a n  1/Z
and he  used  i t  a s  an e m p ir ic a l  c o n s ta n t  h a v in g  a  v a lu e  o f 0 .2 5 .
B lanks and P r a u s n i tz  have made an  ap p ro ac h  to  c a l c u l a t e  Xu f ° r  th en
p o la r - n o n p o la r  and p o la r - p o la r  sy stem s in  th e  ab sen ce  o f  hydrogen
b o n d in g , u s in g  n o n p o la r  and p o la r  c o n t r ib u t io n s  to  th e  s o l u b i l i t y
p a ra m e te r s (6 ,  and 6 ) o f  polym er and s o lv e n t .  The fo llo w in g  d p
r e l a t i o n s h ip  w ere em ployed to  e v a lu a te  Xu f ° r  th e  p o la r -n o n p o la r  and p o l a r -n
p o la r  sy stem s, r e s p e c t iv e l y
XH = (VX/RT) <6d l  - S d2) 2 + T */T (Sp2-2iJj) (5 .1 2 )
%  “  (VX/RT) (6dx -  6d2) 2 + T */T (6pX -  6p2) 2 (5 .1 3 )
H ere T. i s  th e  te m p e ra tu re  a t  w hich6 was m easured  and th e  r a t i o  T /T
p *
a c c o u n ts  a p p ro x im a te ly  fo r  te m p e ra tu re  dependence o f  th e  p o la r - p o la r
i n t e r a c t i o n  o f  polym er o r  s o lv e n t  m o le c u le . The v a lu e  o f  ^ (o b ta in e d  from  
th e  known v a lu e  o f  x)> w hich i s  an  e m p ir ic a l  in d u c t io n  en e rg y , was 
p lo t t e d  a g a in s t  th e  p ro d u c t o f  6 ^  and 6 ^  from  w hich v a lu e s  o f  \p f o r  
o th e r  polym er s o lv e n t  system  c o u ld  be e v a lu a te d .
The v a lu e  o f  X can  he e v a lu a te d  from  e i t h e r  vap o u r p re s s u re  o r  
o sm o tic  p r e s s u re  m easu rem en ts. F o r c r o s s l in k e d  po lym ers th e  v a lu e  o f  
X can  be d e te rm in e d  b y  e s t a b l i s h in g  an e q u i l ib r iu m  s w e ll in g ,  in  o rd e r  
to  f in d  th e  maximum volume o f  s o lv e n t  im bibed  p e r  u n i t  volum e o f  
po lym er.
H uggins and F lo ry  r e l a t e d  th e  p a r t i a l . f r e e  e n e rg y  o f  d i l u t i o n ,
AG^, to  th e  osm otic  p r e s s u r e ,  II, by means o f  th e  p a r t i a l  m olar s o lv e n t  
volum e, V^, (HV^—-AG^) and d e r iv e d  a r e l a t i o n s h i p  betw een o sm otic  
p re s s u re  and X a s  fo llo w s
H ere c i s  th e  polym er c o n c e n tra t io n  in  grams p e r ml w hich r e p la c e s
t l^e d e n s i ty  w hich r e c i p r o c a l l y  r e p la c e s  i t s  p a r t i a l
s p e c i f i c  colum e. In  a d i l u t e  s o lu t io n  i s  r e p la c e d  by th e  so lv e n t 
m olar volume V^. T h is  e q u a tio n  can  be compared w ith  th e  ex tended  
v a n ' t  H off e q u a tio n  (E q .5 .1 5 ) c o n ta in in g  v i r . i a l  c o e f f i c i e n t s  as 
fo llo w s
-  = RT(A + A c  + A c 2 + . . . . )  (5 .1 5 )
C 1 Z J
w here
A2 = (1 /2  -  x W j d 2 (5 .1 6 a )
A3 = l/3V 1d2 (5 .1 6 b )
S in ce  a t  low er c o n c e n tr a t io n s  th e  s ig n i f i c a n c e  o f  A^ and h ig h e r
v i r i a l  c o e f f i c i e n t s  i s  sm a ll r e l a t i v e  to  A^ t h e i r  c o n t r ib u t io n s  to
II/c a t  s u f f i c i e n t l y  low c o n c e n tra t io n  i s  l e s s  th a n  th e  u n c e r t a in ty  in
th e  o sm o tic  head m easurem ent, and th e y  can be  ig n o re d . Thus th e
s lo p e  o f th e  l i n e a r  p lo t  o f  II/c a g a in s t  th a t  o f c a t  low c o n c e n tra t io n s
can be ta k e n  as th e  v a lu e  o f RTA  ^ and we can c a l c u la te  th e  v a lu e  o f  x as
fo llo w s  ~
Vl d2X = 0 . 5  g j -  x  s lo p e  (5 .1 7 )
The m easured  v a lu e  of A^, in  a d d i t io n  to  in t e m o l e c u la r  i n t e r a c t i o n s ,
(83)a l s o  depends on th e  m o le c u la r  w eigh t of th e  polym er as shown by E q. 5 .1 8  
w hich in c lu d e s  d i f f e r e n c e  in  polym er s t r u c t u r e  such  as  d e g re e  o f  b ra n c h in g .
A2 = cM~b (5 .1 8 )
where b i s  a c o n s ta n t
Phase S e p a ra tio n  in  th e  T ern a ry  System  C o n s is t in g  o f Polymer and 
Two L iq u id s
In  th e  fo llo w in g  d is c u s s io n  l i q u id  te rm s a r e  in d ic a te d  by s u b s c r ip ts  
1 and 3 and polym er te rm s as  u s u a l by s u b s c r ip t  2 . For a system  in v o lv in g  
s o lv e n t and n o n - s o lv e n t ,  th e  s u b s c r ip t  1 r e f e r s  to  th e  s o lv e n t and 3 r e f e r s  
to  th e  n o n -s o lv e n t .
S c o tt  and Magat assumed th a t  a m ix tu re  o f  two l i q u id s  behave
a s  a  homogenous l i q u id  w ith  r e s p e c t  to  th e  po lym er. They o b ta in e d
th e  fo llo w in g  r e l a t i o n s h i p ,  based  on th e  th e o ry  o f  th e  h e a t  o f
m ix in g , fo r  th e  s o l u b i l i t y  p a ram ete r o f  t h i s  new l i q u id  (6 ) .o
6 =cf) 6 + <J> 6 = 6 + <f> (6 -  6 ) (5 .1 9 )
o i l  J o  1 J J  1
The m olar volume Vq o f  t h i s  l i q u id  m ix tu re  was e x p re s se d  a s  fo llo w s
V = V V /(<f> V , + <t>.V.) (5 .2 0 )
O 1 J 1 J J I
Thus f o r  a g iv e n  po lym er, s in g le  l i q u id s  h a v in g  h ig h e r  o r low er
s o l u b i l i t y  p a ra m e te rs  may be poor or n o n - s o lv e n ts , b u t when mixed
to g e th e r  in  a c e r t a i n  p ro p o r t io n  th e y  may p ro v id e  a th e rm o d y n am ica lly
good mixed s o lv e n t fo r  th e  polym er.
When a n o n -s o lv e n t i s  added to  a polym er s o lu t io n  i t  may behave
as  i f  i t s  te m p e ra tu re  had been low ered . In  e i t h e r  c a se  th e  s o lv e n t
becomes p ro g re s s iv e ly  p o o re r and e v e n tu a l ly  a l l  th e  polym er may be
p r e c i p i t a t e d .  The t u r b i d i t y  p o in t ,  which i s  o b ta in e d  by a d d i t io n  o f
n o n -s o lv e n t ,  r e p r e s e n t s  th e  boundary  betw een th e  r e g io n s  o f com plete
m i s c i b i l i t y  o f polym er and s o lv e n t  and th a t  where th e  s o l u b i l i t y
o f polym er i s  e x tre m e ly  sm a ll. T h is  p o in t  i s  c a l l e d  th e  " p r e c i p i t a t i o n
t h r e s h o l d " , " c r i t i c a l  s o l u b i l i t y  l i m i t " ,  o r " d i l u t i o n  r a t i o " ,
and th e  volume o f n o n -s o lv e n t ( p r e c i p i t a n t )  r e q u ir e d  to  p ro d u ce
i t  may be ta k e n  a s  a  m easure o f  th e  s o lv e n t pow er. A ccord ing  to
(85) (82)Gee and S c o tt  th e  osm otic  p re s s u re  a t  th e  p r e c i p i t a t i o n
th re s h o ld  p o in t  sh o u ld  be z e ro ,  and th e  i n t e r a c t i o n  p a ra m e te r  shou ld
exceed  th e  c r i t i c a l  v a lu e  o f  0 .5 .
(82)S c o tt h a s  d e r iv e d  th e  fo llo w in g  r e l a t i o n s h i p  f o r  th e
s o l u b i l i t y  l i m i t  i n  th e  c a s e  o f  a polym er h av in g  a n  i n f i n i t e  c h a in  
le n g th  i n  w hich = 0
1 -  2 X ^ i  -  2 + Q'fri'I’a = 0 (5.21)
The f a c t o r  Q i s  d e f in e d  by th e  e x p re s s io n
Q = 2X13 X12 + 2^ i3 ^3 2  + 2^12 X32 ""^ X1^X3 ^ 1 3  "
(5 .2 2 )
"Where x^ and x^ a r e  th e  number o f eq u a l s iz e d  segm ents p e r  mole o f
s o lv e n t and n o n -s o lv e n t  r e s p e c t iv e ly  (x^ /x^  can  be equated  to  th e  r a t i o
o f  s o lv e n t and n o n -s o lv e n t  m olar vo lum es).
(86)Suh and C la rk  have e v a lu a te d  th e  s o l u b i l i t y  p a ram e te rs  o f
polym ers from  t h e i r  s o lu t io n  p r e c i p i t a t i o n  th r e s h o ld  v a lu e s  fo r  a  ra n g e  o f  
s o lv e n ts  u s in g  two n o n -s o lv e n ts  w ith  d i f f e r e n t  s o l u b i l i t y  p a ra m e te r s .  H ere 
th e  av e ra g e  s o l u b i l i t y  p a ram ete r o f  a m ix tu re  o f  s o lv e n t w ith  n o n - s o lv e n t ,  
and a m ix tu re  o f  th e  same s o lv e n t  w ith  a n o th e r  n o n - s o lv e n t ,  a t  th e  
p r e c i p i t a t i o n  th r e s h o ld  p o in t  (when t h e i r  m olar volum es a re  th e  same) 
can  g ive  th e  s o l u b i l i t y  p a ram e te r  o f  th e  po lym er.
S o lv en t Power and Thermodynamic P ro p e r t ie s  o f  C e l lu lo s e  E s te r  S o lu tio n s
A n e g a t iv e  h e a t  o f  d i l u t i o n  and a low p o s i t i v e  e n tro p y  o f  d i l u t i o n
have u s u a l ly  been  o b ta in e d  fo r  c e l lu lo s e  e s t e r  ( n i t r a t e  and a c e t a t e )
-  s o lv e n t m ix tu re s  w hich su g g e s ts  th e  o ccu rren c e  o f  s o lv a t io n .
D o o l i t t l e  h a s  in v e s t ig a te d  c e l lu lo s e  n i t r a t e  s o lu t io n s  by  a d d i t io n
o f  p r e c i p i t a n t s , and in t e r p r e te d  th e  mechanism o f  s o lv e n t a c t io n  on th e
b a s is  o f two e q u i l i b r i a ;  th e s e  a r e  s o lv a t io n - d e s o lv a t io n  and a g g re g a t io n  -
d is a g g re g a t io n  ( s o lv a t io n  o f  " a c t iv e  c e n t r e s "  b r in g s  abou t d is a g g r e g a t io n ) .  
(87)Moore e t  a l .  d e te rm in ed  th e  i n t e r a c t io n  p a ra m e te rs ,  volum es o f
p r e c i p i t a n t  r e q u ir e d  to  j u s t  g iv e  t u r b i d i t y  ( p r e c i p i t a t i o n  th r e s h o ld  v a l u e ) ,  
l i m i t i n g  v i s c o s i t y  num bers, and o th e r  r e l a t e d  v i s c o s i t y  p a ra m e te rs  (see  
C h ap te r V II) fo r  c e l lu lo s e  d ia c e ta te  i n  v a r io u s  s o lv e n ts  in  o rd e r  to  
e v a lu a te  s o lv e n t  pow er. The o rd e r  o f  in c re a s in g  in t e r a c t io n  p a ra m e te rs  
was found to  be th e  r e v e r s e  o f th a t  fo r  th e  p r e c i p i t a t i o n  th r e s h o ld  v a lu e s .
Whereas no c o r r e l a t i o n  co u ld  be found betw een th e  x and v i s c o s i t y  v a lu e s .
These a u th o rs  co n cluded  th a t  th e  p r e c i p i t a t i o n  th re s h o ld  v a lu e  i s  a t
l e a s t  an ap p rox im ate  m easure o f  s o lv e n t  power in  a therm odynam ic s e n s e .
( 88}A s im i la r  s tu d y  was c a r r i e d  o u t by Moore and R u s s e ll  fo r  p rim ary
c e l lu lo s e  a c e t a t e ,  and i t  showed th e r e  was no c o r r e l a t i o n  betw een  th e
v a lu e s  o f  n o n -s o lv e n t r e q u ir e d  to  c au se  t u r b i d i t y  and th e  v i s c o s i t y
p a ra m e te rs . They su g g e s te d  t h a t  a s s o c ia t io n  in  c e r t a i n  s o lv e n ts  may
d e c re a se  th e  l i m i t i n g  v i s c o s i t y  num ber.
Moore and S h u ttle w o r th  showed th e  v a lu e s  o f X fo rs
c o n c e n tra te d  s o lu t io n s  o f  c e l l u lo s e  t r i a c e t a t e  in  c h lo ro fo rm  and 
m ethy lene c h lo r id e  to  be g r e a te r  th a n  th o s e  e x p e c te d  from  l a t t i c e  
th e o r ie s ,  and th e y  in c re a s e d  w ith  polym er c o n c e n tr a t io n .  T h is  e f f e c t  
was a t t r i b u t e d  to  s o lv a t io n  o f th e  p o ly m ers , and i t  was su g g e s te d  
th a t  e x p e rim e n ta l Xc»Xtj> an(* X v a lu e s  would be c lo s e r  to  th e  t h e o r e t i c a l
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v a lu e s  i f  th e  volume f r a c t io n  o f  th e  s o lv a te d  polym er, r a t h e r  th a n  
th e  b ase  p o ly m er, was used  in  th e  c a l c u la t io n .  Moore h as
e s tim a te d  th e  d e g re e  o f  s o lv a t io n  o f  c e l lu lo s e  d ia c e ta t e  and t r i a c e t a t e  
in  v a r io u s  s o lv e n ts  from  a d ia b a t ic  c o m p re s s ib i l i ty  s tu d ie s  o f  th e  
s o lu t io n s .  The r e s u l t s  show eac h  a c e ty l  group o f  c e l lu lo s e  t r i a c e t a t e  
to  be a s s o c ia te d  w ith  one m o lecu le  c h lo ro fo rm  o r m ethy lene c h l o r i d e ,  
w h ile  no such s to ic h io m e tr ic  r e l a t i o n s h i p  ap p ea red  to  e x i s t  f o r  th e  
seco n d ary  a c e ta t e .
( 9 1 )
Howard and P a rik h  , m  t h e i r  s tu d y  o f c e l lu lo s e  t r i a c e t a t e -  
s o lv e n t i n t e r a c t i o n ,  r e p o r te d  a s a t i s f a c t o r y  c o r r e l a t i o n  betw een  th e  
p r e c i p i t a t i o n  th re s h o ld  v a lu e ,  s o l u b i l i t y ,  and in t e r a c t io n  p a ra m e te r  X* 
They concluded th a t  in  th e  c e l lu lo s e  t r i a c e t a t e  -  s o lv e n t  sy stem  
hydrogen  bonds a re  in v o lv e d , and t h i s  was su p p o rted  by th e  o rd e r  o f  
in c r e a s in g  p r e c i p i t a t i o n  th re s h o ld  v a lu e s  b e in g  th e  same a s  th e
in c re a s in g  s o lv e n t a c i d i ty .  An e x c e p tio n  was o b serv ed  in  th e  c a se  o f  
a c e t ic  a c id ,  w hich was a p o o re r  s o lv e n t th a n  c h lo ro fo rm , and t h i s  was
a t t r i b u t e d  to  th e  d im e r iz a t io n  o f a c e t i c  a c id .
(92) . . .Malm e t  a l .  have g iv e n  a l i s t  o f  s o lv e n ts  and s o lv e n t  m ix tu re s
which can  d is s o lv e  c e l lu lo s e  t r i p r o p io n a te  (CTP). S in g le  s o lv e n ts  and
m ix tu re s  w ere exam ined fo r  a  c o n s ta n t  s o lv e n t -  polym er r a t i o  o f  9 to
1 by w eigh t a t  room te m p e ra tu re . When th e  CTP was n o t  s o lu b le ,  th e
m ix tu re  was h e a te d  to  e i t h e r  100°C or to  th e  b o i l i n g  p o in t  o f th e
s o lv e n t  to  see w hether i t  d is s o lv e d .  T h is  s tu d y  was o n ly  a  q u a l i t a t i v e
one to  f in d  s a t i s f a c t o r y  s o lv e n ts  fo r  CTP, and d id  n o t a t te m p t to  p u t
th e  s o lv e n ts  in  any o rd e r  of s o lv e n t pow er. In  th e  work to  be d e sc r ib e d
s o lv e n ts  a re  compared in  th e  b a s is  o f  t h e i r  p r e c i p i t a t i o n  th re s h o ld
v a lu e s  and an  a tte m p t i s  made to  e x p la in  th e  o b se rv e d  d i f f e r e n c e s  in
s o lv e n t  power i n  te rm s o f therm odynam ic s o l u b i l i t y  p a ra m e te rs .
EXPERIMENTAL
M a te r ia ls
Two CTP sam ples w ith  a v e ry  wide d i f f e r e n c e  in  m o le c u la r  w eigh t
w ere employed f o r  th e  p r e s e n t  work. The m ethod o f p r e p a r a t io n  and
c h a r a c te r i z a t i o n  o f  th e  h ig h  m o lecu la r  w eig h t sam ple h a s  been  g iv en
a l re a d y  in  T ab le 4 .5  (M = 2 3 0 ,9 0 0 ). The low  m o le c u la r  w eig h t samplen
was p re p a re d  a c c o rd in g  to  P e tro p a v lo v s k i i  and R akhm anberdiev’ s method 
The s o lu t io n  o f  t h i s  sample in  a ce to n e  was c e n t r i f u g e d  in  o rd e r  to  remove 
i t s  s l i g h t  t r a c e s  o f rem a in in g  g e l ,  and th e  CTP re c o v e re d  from  th e  c l e a r  
s o lu t io n  (by p r e c i p i t a t i o n  w ith  w a te r)  had a d e g re e  o f  p ro p io n y la t io n  
o f 66.96% p ro p io n ic  a c id .  The l i m i t in g  v i s c o s i t y  number o f  t h i s  sample 
in  c h lo ro fo rm  was 0 .3139  d ig  ^ a t  25°C, w hich  gave M  ^ = 2 9 ,2 0 0  u s in g  
th e  Mark-Houwink e q u a tio n  which w i l l  be d e s c r ib e d  l a t e r .  T his sample
had an  M /M r a t i o  o f  3 .33  w hich was e v a lu a te d  by GPC (se e  C h ap te r IX ). w n
F iv e  f r a c t io n a t e d  CTP sam ples w ere used  f o r  th e  e v a lu a t io n  o f th e  
i n t e r a c t i o n  p a ra m e te r  in  c h lo ro fo rm  (method o f f r a c t i o n a t io n  and 
osmometry d e s c r ib e d  l a t e r  in  C haptersV I and V II I )  w hich was needed  
f o r  e s t im a t in g  o th e r  s o lv e n t  -CTP i n t e r a c t io n  p a ra m e te rs .
The s o lv e n ts  employed f o r  th e  p r e s e n t  s tu d y  w ere su p p lie d  m a in ly  by 
BDH L td . in  th e  h ig h e s t  a v a i la b l e  p u r i t y  f o r  norm al u s e .  L a b o ra to ry  
g rade  s o lv e n ts  w ere d r ie d  by p a s s in g  th ro u g h  a m o le c u la r  s ie v e  column 
o r d r ie d  o v er ca lc iu m  c h lo r id e  b e fo re  u s e . The g rad e  and minimum 
p u r i t y  o f each  s o lv e n t  a re  a s  fo llo w s :
S o lv en t Grade Minimum 
p u r i t y  0
P e tro leu m  s p i r i t  
(60-80°C f r a c t io n )
A nala r 9 9 .9
Cyclohexane L a b o ra to ry  re a g e n t 9 9 .0
m -  C reso l i t  i i 9 7 .0
C hloroform A nalar 99
D ich lorom ethane A nalar 99 .8
iso -P h o ro n e L ab o ra to ry  re a g e n t 9 7 .0
s -T e tra c h lo ro e th a n e * T ec h n ica l 9 8 .0
E th y l a c e ta t e A nalar 9 9 .0
Butanone I I  A 99 .6
T e tra h y d ro fu ra n II 99 .5
A cetone II 99 .7
M ethyl a c e ta t e L ab o ra to ry  re a g e n t 98
1 , 2 -D ic h lo ro e th a n e A nala r 9 9 .0
P ro p io n ic  a c id L a b o ra to ry  re a g e n t 9 9 .0
is o -P ro p y l a c e ta t e G eneral p u rpose  re a g e n t 9 7 .0
P y r id in e A n ala r 99 .5
n -B u ty l a c e ta t e i i 9 9 .0
A c r y lo n i t r i l e L ab o ra to ry  re a g e n t 9 9 .0
Minimum
S o lv e n ts  Grade P u r i ty  (wt.% )
M ethyl fo rm ate  L a b o ra to ry  r e a g e n t  9 8 .0
1 ,4 -D ioxane  A n a la r  9 9 .1
A c e tic  a c id  g l a c i a l  " 9 9 .7
n-Amyl a c e ta t e  " 9 8 .0
N itro b en z en e  " 9 9 .5
M orpholine G eneral p u rp o se  r e a g e n t  9 8 .5
1 .2 -D ie h lo ro p ro p a n e  L a b o ra to ry  r e a g e n t  9 9 .0
C hlorobenzene A n a la r  9 9 .8
Benzene " 9 9 .7
Form ic a c id  " 8 9 .5
C yclohexane " 9 9 .8
1 ,1 ,1 - T r ic h lo r o e  th a n e  11 9 9 .5
Carbon t e t r a c h l o r id e  11 9 9 .8
Toluene 11 9 9 .4
Carbon d is u lp h id e  P u r i f i e d  g e n e ra l  p u rp o se  r e a g e n t  9 9 .5
D ie th y l e t h e r  A n ala r 9 9 .7
n-Amyl c h lo r id e  U n c la s s i f ie d  (Hopkin & W illia m s)  -
Thiophene L a b o ra to ry  r e a g e n t  9 9 .0
1 .2 —Dibromoe th an e  " ,f 9 8 .5
P ro p y len e  c a rb o n a te  P u r i s s  9 9 .0
E th y len e  c a rb o n a te  L a b o ra to ry  r e a g e n t  -
2 -E th y l h ex an o l ” ”
T e t r a h y d ro fu r fu ry l  a lc o h o l 11 " 9 9 .0
D im ethyl formamide A n a la r 9 9 .5
E th an o l " 9 9 .5
D im ethyl su lp h o x id e  " 9 9 .0
M ethanol " 9 9 .9
Formamide " 9 9 .0
(93)* T his s o lv e n t  was p u r i f i e d  a c c o rd in g  to  V ogel b e fo re  u s e .
P rocedu re  f o r  S o lu b i l i t y  and S o lv e n t Power S tu d ie s
Two m ix tu re s  o f 10 .06  ml s o lv e n t  ( a t  25°C ) w ith  0 .1000  g of b o th  low 
and h ig h  m o lecu la r  w eig h t CTP sam ples were p re p a re d  in  s to p p e re d  t e s t -  
tu b e s .  Each t e s t - t u b e  was l e f t  to  s ta n d  in  a th e rm o s ta t  b a th  a t  25°C 
w hich was i l lu m in a te d  by a l i g h t ,  in  o rd e r  to  make p e r f e c t l y  o b se rv a b le  
th e  c o n te n ts  o f  each  t e s t - t u b e .  The tim e ta k e n  to  d is s o lv e  th e  polym er 
co m p le te ly  in  each  s o lv e n t  a t  25°C was n o te d . In  th e  ca se  o f  any  CTP 
rem a in in g  sw o llen  o r  u n d is s o lv e d  a f t e r  3-4  days th e  te m p e ra tu re  o f th e  
b a th  was in c re a s e d  to  40°C. I f  th e  sam ple was s t i l l  n o t s o lu b le  a t  t h i s  
te m p e ra tu re , th e  m ix tu re  was s u c c e s s iv e ly  warmed to  ab o u t 70°C, 100°C, 
o r  th e  b o i l in g  p o in t  o f  th e  s o lv e n t to  see w hether d i s s o lu t io n  took  
p la c e .
S o lu tio n s  o f  co m p le te ly  s o lu b le  CTP w ere aged  fo r  ab o u t 4 days a t  
25°C, th e y  w ere th en  t i t r a t e d  w ith  p e tro leu m  e th e r  (60-80°C f r a c t io n )  a s  
a p r e c i p i t a n t  a t  th e  same te m p e ra tu re . F or each  t i t r a t i o n  th e  volume o f 
n o n -s o lv e n t a t  b o th  th e  p r e c i p i t a t i o n  th r e s h o ld  p o in t  and fo r  v i r t u a l  
com plete  p r e c i p i t a t i o n  o f  th e  polym er w ere re c o rd e d . S o lu tio n s  were 
s t i r r e d  d u r in g  th e  t i t r a t i o n ,  and on th e  f i r s t  ap p ea ran ce  o f  t u r b i d i t y  
f u r th e r  a d d i t io n  o f  p r e c i p i t a n t  was suspended ; th e  s o lu t io n  was th en  
f u r th e r  s t i r r e d  and l e f t  f o r  a few m in u tes  to  make s u re  th e  t u r b i d i t y  
was n o t  s im p ly  due to  lo c a l  p r e c i p i t a t i o n .  The e x a c t  p r e c i p i t a t i o n  
th re s h o ld  p o in t  was u s u a l ly  e a s i l y  r e c o g n iz a b le ,  e x c e p t when th e  
p r e c i p i t a t e  was a v e ry  sw o llen  p h a se , and in  th e  l a t t e r  ca se  th e  
u n c e r t a in ty  in  th e  t i t r e  re a d in g  was abou t ± 3%. The u n c e r t a in ty  in  
th e  p r e c i p i t a t i o n  th re s h o ld  v a lu e  was shown to  be l e s s  th a n  ± 1% b ased  
on t r i p l i c a t e  t i t r a t i o n s  in  a s e le c te d  number o f  s o lv e n ts .
RESULTS
E s tim a tio n  o f  S o lv en t Power frcm  T u rb id im e tr ic  T i t r a t i o n
The r e s u l t s  o f  s o l u b i l i t y - p r e c i p i t a t i o n  s tu d ie s  f o r  h ig h  and low
m o le c u la r  w eig h t CTP, in  a ra n g e  of s o lv e n t s ,  i n  te rm s o f  volume f r a c t i o n
o f th e  p r e c i p i t a n t  ((j)^) to  g ive b o th  th e  p r e c i p i t a t i o n  th r e s h o ld  v a lu e
and v i r t u a l l y  com plete  p r e c i p i t a t i o n  o f  th e  polym er a re  summarized in
T ab le  5 .1 .  The s o l u b i l i t y  param eters  shown in  t h i s  T ab le f o r  th e s e  s o lv e n ts
a re  th o se  g iv e n  by Hansen (76 ,77 ) B u r r e l l  a t  25°C. I t  was
o b served  t h a t  when th e  polym er was p r e c i p i t a t e d  a s  a sw o llen  p h ase  i t
d id  n o t s e t t l e  o u t e a s i l y ,  an e x c e p tio n  b e in g  in  th e  c a se  o f  a c r y l o n t r i l e ,
m -c re s o l ,  m ethy l fo rm a te , a c e t i c  a c id ,  and n it ro b e n z e n e  s o lv e n t s .
l
V alues o f  7 .21  ( c a l /m o l ) 2 and 131.65  ml w ere o b ta in e d  fo r  th e  
s o l u b i l i t y  p a ram ete r and m olar volum e, r e s p e c t iv e l y ,  f o r  th e  p e tro le u m  
e th e r  u sed  a s  p r e c i p i t a n t  (co m p o sitio n  90% n -h ex an e  and iso m e rs , 9.5% 
n -h e p ta n e  and iso m e rs , and 0.5% p en tan e  (v /v )  from  Eqs. 5 .19  and 5 .2 0 .
Both th e  tu r b i d i ty  p o in t  and com plete  p r e c i p i t a t i o n  s ta g e  in  fo rm ic  
a c id  s o lu t io n  were n o t c l e a r l y  o b s e rv a b le ,  b u t t u r b i d i t y  c o u ld  be seen  
a t  = 0 .5 4 .
W ater was employed as p r e c i p i t a n t  f o r  s o lu t io n s  o f CTP in  
t e t r a h y d r o f u r f u r y l  a lc o h o l ,  d im e th y l s u lp h o x id e , and d im e th y l formam ide 
b eca u se  o f  t h e i r  n o n - m is c ib i l i ty  w ith  p e tro le u m  e th e r .  W ater volum e 
f r a c t io n s  a t  t h e i r  p r e c i p i t a t i o n  th r e s h o ld  p o in t s  were abou t 0 .1 5 ,  0 .1 2 ,  
and 0 .1 2  r e s p e c t iv e ly .  These v a lu e s  may be com pared w ith  a c e to n e  w here 
th e  w a te r  volume f r a c t io n  a t  th e  p r e c i p i t a t i o n  th r e s h o ld  p o in t  was 0 .1 9 .
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Solubility of Cellulose Tripropionate Within Various Solvent
S o lu b i l i t y  P aram eter Ranges
The s o l u b i l i t y  o f  CTP sam ples in  th e  th re e  c l a s s e s  o f  hydrogen
bond ing  s o lv e n ts  were examined a t  25°C and th e  r e s u l t s  a re  shown in
T ab le  5 .2 .  Both low and h igh  m o lecu la r w e ig h t sam ples showed
p r a c t i c a l l y  th e  same s o l u b i l i t y  b eh av io u r and a re  p re s e n te d  in  th e
same T ab le . H ere th e  c l a s s i f i c a t i o n  o f  s o lv e n ts  in to  p o o r ly  and
m o d e ra te ly  hydrogen  bonded groups i s  n o t th e  same a s  t h a t
(78)su g g es ted  by B u r r e l l  - , s in c e  he h as  in c lu d e d  s o lv e n ts  fo r  p o o r ly
hydrogen  bonding  w hich have 6^ v a lu e s  a l i t t l e  h ig h e r  th a n  1 .0  
( c a l / m l ) ^ ^ .  In  th e  c a se  o f  e th y le n e  c a rb o n a te  (m .p. 35-37°C) CTP 
was co m p le te ly  s o lu b le  a t  ab o u t 150°C b u t p r e c i p i t a t e d  o u t a g a in  
a t  ab o u t 50°C.
E v a lu a tio n  o f th e  I n te r a c t i o n  P aram eter fo r  C e l lu lo s e  T r ip ro p io n a te  
in  C h loroform
The i n t e r a c t i o n  p a ra m e te r , X> was c a lc u la te d  from  th e  s lo p e  o f  
th e  l i n e a r  p lo t  o f  reduced  osm otic  h e a d , h /c  (cm/g d l  ^ ) , v e r s u s  c 
fo r  each  o f th e  f iv e  f r a c t io n a te d  sam ples in  c h lo ro fo rm  a t  25°C 
( f o r  osm otic  p re s s u re  d a ta  see C hap ter V I I I ) .  F o r t h i s  c a l c u l a t i o n
Eq. 5 .1 7  was em ployed, u s in g  a polym er d e n s i ty  o f  1 .2 3  g/m l o b ta in e d
(92) -2by Malm e t  a l .  , and R v a lu e  o f  8 .478  gem , and a m olar
volume o f  81 .05  ml fo r  ch lo ro fo rm  a t  298.2°K . The r e s u l t s  a re
ta b u la te d  in  T ab le 5 .3 .
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Table 5 .2  (c o n tin u e d )  
c -  S tro n g ly  hydrogen  bond ing  (6^> 5.0)
S o lv e n t 6 ( c a l /m l ) ^ ^ S o lu b i l i t y
2-E th y l h ex an o l 9 .85 No v i s i b l e  e f f e c t
A c e tic  a c id 10.35 C om plete ly  s o lu b le
T e tra h y d ro fu r fu ry l
a lc o h o l
1 1 .0 n ii
D im ethyl formamide 12 .14 ii ii
E thano l 12 .92 No v i s i b l e  e f f e c t
D im ethyl su lp h o x id e 12 .93 C om plete ly  s o lu b le
M ethanol 14 .28 No v i s i b l e  e f f e c t
Formamide 17 .8 it ii ti
S o lu b le  in  6 ran g e  
9 .9 -1 2 .9
T able 5 .3 .  I n te r a c t i o n  P aram eter Of V arious M o lecu la r W eight 
CTP Samples In C h lo ro fo rm  At 25°C
Sample Mn Slope X
V 389,200 1.841 0.411
V 270,000 1 .930 0.406
V 197,300 1 .963 0.405
' F3A 153,100 1.935 0.406
V 72,000 2.262 0 .390
DISCUSSION
Evaluation of Solubility Parameter for Cellulose Tripropionate
Small* s method l(E q .5 .7 ) was employed to  c a l c u l a t e  th e  s o l u b i l i t y
1/2param ete r o f  CTP and a v a lu e  9 .7 9  (c a l /m l)  was o b ta in e d  based  on
h is  m olar a t t r a c t i o n  c o n s ta n t s .  On th e  o th e r  h an d , a v a lu e  o f  9 .62  
1/2(c a l/m l)  was o b ta in e d  by u s in g  th e  m olar a t t r a c t i o n  c o n s ta n t
(74)
v a lu e s  g iven  by Hoy . The a v e ra g e  o f  th e se  two r e s u l t s  i s  in
e x c e l le n t  agreem ent w ith  th e  e x p e r im e n ta l s o l u b i l i t y  p a ram e te r
v a lu e  o f  9 .7 1  o b ta in e d  from  th e  s o l u b i l i t y  p a ra m e te rs  o f  s o lv e n ts
in  which CTP i s  co m p le te ly  s o lu b le  and t h e i r  s o lv e n t  pow ers. H ere ,
th e  av e ra g e  s o l u b i l i t y  p a ra m e te r  o f  th e  tw e n ty -s ix  s o lv e n ts  l i s t e d
in  T ab le  5 .1  was o b ta in e d  by d iv id in g  th e  sum o f  th e  p ro d u c ts  o f
s o l u b i l i t y  p a ram ete r and (f>^  v a lu e s  by th e  summation o f th e  (f)^  v a lu e s
fo r  bo th  h ig h  and low m o le c u la r  w eigh t sam ples.
I t  should  be n o te d  th a t  f o r  th e  s o l u b i l i t y  o f  CTP in  th e
d i f f e r e n t  c l a s s e s  o f  s o lv e n ts  (T able 5 . 2 ) ,  th e  ra n g e  o f  s o l u b i l i t y
p a ra m e te rs  fo r  CTP s o lv e n ts  h a v in g  m oderate  hydrogen  bonding  i s  much
w ider th a n  t h a t  fo r  p o o r ly  o r  s t r o n g ly  hyd rogen  bond ing  s o lv e n t s .
Thus th e  6^ v a lu e  fo r  CTP, w hich i s  v e ry  e f f e c t iv e  i n  d i s s o lu t i o n ,
l i e s  w ith in  th e  m o d e ra te ly  hydrogen  bond ing  c l a s s .
An a t te m p t was made to  e s tim a te  th e  6 v a lu e  fo r  CTP a c c o rd in gd
to  th e  B lanks and P ra u s n i tz  (E q .5 .9 )  p ro c e d u re , b u t no r e a l l y
s a t i s f a c t o r y  s o lv e n t s im i la r  to  a monomeric CTP u n i t  c o u ld  b e  found
or i t s  c o rre sp o n d in g  homomorph. The s o l u b i l i t y  p a ram e te r o f  s o lv e n ts
such a s  n o n y lc y c lo h ex a n e , w hich h a s  ab o u t th e  same s iz e  and s im i la r
shape a s  a CTP u n it ,-  and te tr a d e c a n e  w hich h as  th e  same s iz e  c o u ld
o n ly  be used to  o b ta in  an app rox im ate  v a lu e  f o r  6 . T h e ir  s o l u b i l i t yd
p a ram e te rs  a re  8 .0  ( c a lc u la te d  by Small *s method) and 7 .92  (from  h e a t
1/2o f v a p o r iz a t io n )  (c a l /m l)  r e s p e c t iv e ly .
I t  h a s  been shown th a t  e s t im a t io n  of th e  CTP S o lu b i l i t y  P a ram e te r,
on th e  b a s is  o f  s o l u b i l i t y  and s o lv e n t  pow er, i s  q u i te  s a t i s f a c t o r y ,  and
th e  same p ro ced u re  was th e r e f o r e  c a r r i e d  o u t fo r  e s t im a t in g  <S ,^ 6
1/2and 6, v a lu e s  fo r  CTP. The v a lu e s  8 .3 2 ,  3 .2 ,  and 3 .8  (c a l /m l)  were h
th u s  o b ta in e d  fo r  <5,, d and 6, r e s p e c t iv e ly .d p  h
S o lu b i l i t y  B ehaviour and S o lv en t Power
M easurement o f  th e  volume f r a c t i o n  o f  p r e c i p i t a n t  a t  th e  p r e c i p i t a t i o n
th re s h o ld  p o in t  (Table 5 .1 )  su ggests  th e  fo llo w in g  o rd e r  o f s o lv e n t power
fo r  th e  h ig h  m o lecu la r w eigh t CTP : C yclohexanone> chloroform > dich lorom ethane>
i  so-phorone>e th y l  ace t  a te> m -cre  so l>  s - t e t r a c h lo r o e  th a n e > te  tra h y d ro  fu ran>
butanone>m ethyl ace ta te> ac e to n e - > 1 ,2 -d ic h lo ro e th a n e > p ro p io n ic  ac id>
is o - p r o p y l  a c e ta te > n -b u ty l  a c e ta te > p y r id in e > a c ry lo n i t r i le > m e th y l  fo rm ate>
1 ,4 -d io x a n > a c e tic  acid>n-am yl ace ta te> n itro b en zen e > m o rp h o lin e>
1 ,2 -d ich lo ro p ro p an e > ch lo ro b en zen e> b en zen e . T h is  o rd e r  o f  d e c re a s in g
so lv e n t power i s  e s s e n t i a l l y  th e  same fo r  low m o lecu la r w eig h t CTP, th e
m ain d i f f e r e n c e  b e in g  t h a t  m -c re so l h as  th e  h ig h e s t  s o lv e n t power fo r
low m o lecu la r  w eigh t CTP. In  T ab le  5 .1  th e  s o lv e n ts  a re  l i s t e d  in
d e c re a s in g  o rd e r  o f th e  a v e ra g e  s o lv e n t power (f)^  v a lu e s  fo r  h ig h  and
low m o lecu la r  w eigh t CTP.
C o n s id e ra tio n  o f  th e  s o lv e n t  m o le c u la r  s t r u c tu r e  and th e  p o s s ib le
s o lv e n t  in t e r a c t io n  w ith  CTP shows th a t  s o lv a t io n  o f CTP in  p o la r  s o lv e n ts
i s  to  be e x p e c te d , and hydrogen  bond ing  cou ld  be l a r g e ly  r e s p o n s ib le
fo r  th e  s o l u b i l i t y  o f  t h i s  polym er and th e  o rd e r  o f so lv e n t pow er.
The d v a lu e s  fo r  th e  s o lv e n ts  have b een  s e p a r a te ly  e v a lu a te d  from  th e  h
sum o f  th e  c o n t r ib u t io n s  made by d and d w hich has been  o b ta in e d  -
h  p
from  h e a t o f  v a p o r iz a t io n  d a ta ,  d^ v a lu e s ,  a l th o u g h  r e l a t i n g  to  
in te rm o le c u la r  hydrogen bonding  betw een s o lv e n t m o le c u le s , may a l s o  
in d ic a te  th e  a b i l i t y  o f  th e  s o lv e n t to  form  hydrogen  bonds w ith  th e  
po lym er.
C hlo ro fo rm , w ith  a  low v a lu e  o f  i s  w e ll known to  g iv e  a z e o tro p e s
w ith  s o lv e n ts  such  a s  ace to n e  and m ethy l a c e ta te  a r i s i n g  from  in t e r a c t io n
betw een C=0 and C-H g ro u p s. T h e re fo re  th e  h ig h  s o lv e n t power o f
c h lo ro fo rm  fo r  CTP can  be l a r g e ly  a t t r i b u t e d  to  hydrogen  bond
fo rm a tio n  in v o lv in g  th e  c a rb o n y l groups o f CTP. The much h ig h e r  v a lu e s
o f <5 fo r  p ro p io n ic  a c i d ,  a c e t ic  a c id ,  e th a n o l ,  and m ethanol su g g e s t a h
s t ro n g e r  in te rm o le c u la r  in t e r a c t io n  due to  hydrogen  b o n d in g , in  w hich
c a se  th e  p o ly m e r-so lv e n t i n t e r a c t i o n  i s  l e s s  s t r o n g  th a n  th e  c o rre sp o n d in g
s o lv e n t - s o lv e n t  i n t e r a c t i o n .  Thus th e  s o lv e n t power o f p ro p io n ic  a c id  o r
a c e t i c  a c id  i s  low  a lth o u g h  t h e i r  s o l u b i l i t y  p a ra m e te rs  a re  c lo s e  to  CTP.
E th an o l and m ethanol b o th  have h ig h e r  5 and 5 v a lu e s  and th e r e f o r e  have
no e f f e c t  on th e  po lym er. An e x c e p tio n  was o b se rv ed  in  th e  c a s e  of
m -c re so l whose and v a lu e s  l i e  betw een a c e t i c  a c id  and e th a n o l ;  t h i sh
i s  a  p ow erfu l s o lv e n t  f o r  CTP, e s p e c i a l l y  fo r  low  m o lecu la r w eig jit sam ples. 
CTP when d is s o lv e d  in  t h i s  s o lv e n t co u ld  o n ly  be  p r e c i p i t a t e d  o u t a s  a 
l i q u id  p h a se , w hich a g a in  su g g e s ts  some ty p e  o f  s tro n g  i n t e r a c t i o n  betw een
t h i s  s o lv e n t  and th e  po lym er.
. (94) . . . . . .S p u r lm  has d iv id e d  th e  m am  chem ica l g roups in to  a c i d i c  and
b a s ic  c l a s s e s ,  and p la c e d  them in  o rd e r  o f  in c r e a s in g  s o lv a t in g  a b i l i t y
based  on t h e i r  o rd e r  o f  in c re a s in g  a c i d i t y  o r b a s i c i t y  a c c o rd in g  to  th e
Lewis c o n c e p t. He c o u ld  n o t e x p la in  th e  s o l u b i l i t y  b eh av io u r o f  c e l l u l o s e
d e r iv a t iv e s  on th e  b a s is  o f  a c id -b a s e  i n t e r a c t i o n  fo r  s o lv e n ts  c o n ta in in g
h y d ro x y l, am ido, o r amino groups and a t t r i b u t e d  t h e i r  b eh av io u r to
hydrogen  bond ing  e f f e c t s .  S p u r l in ’ s a c id -b a s e  t r e a tm e n t  o f  th e  s o l u b i l i t y
o f  c e l l u lo s e  d e r iv a t iv e s  is  n o t ad eq u a te  to  acco u n t f o r  th e  d i f f e r e n c e s
in  s o lv e n t  power o b serv ed  f o r  CTP.
The s o l u b i l i t y  p aram ete r o f  a s o lv e n t  i s ,h o w e v e r ,  v e ry  im p o r ta n t in  
d e te rm in in g  i t s  s o lv e n t pow er. For in s ta n c e  cyc lohexanone  i s  th e  b e s t  
so lv e n t f o r  CTP and t h e i r  s o l u b i l i t y  p a ra m e te rs  a re  in  c lo s e  ag reem en t. 
From T ab le  5 .2  i t  can  be seen  th a t  th e re  e x i s t s  a  number o f  s o lv e n ts ,  
n o t y e t  r e p o r te d ,  w hich shou ld  be c a p a b le  o f  d is s o lv in g  CTP a s  shown by 
th e  s o l u b i l i t y  p a ram ete r ra n g e s  fo r  th r e e  c l a s s e s  o f s o lv e n ts . .
The te m p e ra tu re  re q u ire d  and approx im ate  tim e  fo r  com plete  
d i s s o lu t io n  o f  CTP (T ab le  5 .2 )  a re  n o t s im p ly  r e l a t e d  to  s o lv e n t power 
b u t ap p e a r to  a l s o  depend on th e  en e rg y  o f  v a p o r iz a t io n  o f  th e  s o lv e n t .  
F or exam ple m e th y l fo rm ate  h as  n e a r ly  th e  same s o lv e n t  power a s  
a c r y l o n i t r i l e ,  b u t  i t  h a s  a low er en erg y  o f  v a p o r iz a t io n  th a n  
a c r y l o n t r i l e  and can  d is s o lv e  CTP in  a s h o r te r  t im e . On th e  o th e r  hand 
a c r y l o n i t r i l e  h a s  n e a r ly  th e  same en e rg y  o f  v a p o r iz a t io n  a s  e th y l  
a c e ta te  b u t th e  tim e  o f  d i s s o lu t io n  o f  CTP in  e th y l  a c e t a t e ,  b eca u se  
o f  i t s  h ig h e r  s o lv e n t  pow er, i s  l e s s  th an  fo r  a c r y l o n t r i l e .  The energ y  
o f v a p o r iz a t io n  o f  a so lv e n t i s  r e l a t e d  to  i t s  s o l u b i l i t y  p a ra m e te r  
(w hich in f lu e n c e s  th e  s o lv e n t power o f  t h a t  s o lv e n t  fo r  a g iv e n  polym er) 
by means o f  th e  s o lv e n t  m o lecu la r s iz e .  The m o le c u la r  s iz e  o f  th e  
s o lv e n t c a n , in  tu r n ,  a f f e c t  i t s  r a t e  o f  p e n e t r a t i o n  in to  th e  polym er in  
o rd e r  to  b r in g  ab o u t d i s s o lu t io n .
C a lc u la t io n -o f  I n te r a c t i o n  P aram eter fo r  C e l lu lo s e  T r ip ro p io n a te  in  
V arious S o lv en ts
As was p re v io u s ly  e x p la in e d , B lanks and P ra u s n i tz  m o d if ie d  th e
H ild e b ra n d -S c a tc h a rd  s o lu t io n  th e o ry ,  f o r  e v a lu a t io n s  o f Xu ° f  n o n p o la rH
so lv e n t-p o ly m e r p a i r s  (E q .5 .1 1 ) , to  e n a b le  i t  to  be a p p l ie d  to  p o la r  
system s in  w hich hydrogen bonding was n o t e x p e c te d  (E q .5 .1 2 ) . In  o rd e r  
to  a llo w  fo r  hydrogen bonding  fo r  CTP in  p o la r  s o lv e n t s ,  in  th e  
c a l c u la t io n  o f  Xjj f ° r  th e s e  sy s tem s , a term  due to  hydrogen  b o n d in g  was
added to Eq.5.13 as follows
XH = (V1/RT)C(6<11 -  6d 2 ) 2 + TA/T (6 p l -  6p2) 2 + -  a ^ ) 2 ] (5 .2 3 )
Some o f  th e  Xu v a lu e s  c a lc u la te d  from  t h i s  e q u a tio n  were h ig h e r  H.
th a n  0 .5 ,  showing t h a t  Xg sho u ld  be a n e g a t iv e  v a lu e .  Com parison o f  th e
e x p e r im e n ta l v a lu e  o f th e  i n t e r a c t i o n  p a ram ete r fo r  CTP in  c h lo ro fo rm
(T ab le  5 .3 )  w ith  th e  c a lc u la te d  Xu v a l ue (Eq. 5 .2 3 ) g iv es  a v a lu e
o f -  0 .146  fo r  Xg* The v a l i d i t y  o f  t h i s  v a lu e  i s  con firm ed  by a
s im i la r  e x p e rim e n ta l v a lu e  o f  Xg o b ta in e d  fo r  c e l l u lo s e  t r i a c e t a t e  in
(95)c h lo ro fo rm  (-0 .1 5 4 )  w hich was o b ta in e d  by D elchad . However, i t  
would be unw ise to  u se  th e  same v a lu e  o f  Xg fo r  CTP in  a l l  s o lv e n ts  
in  o rd e r  to  c a l c u l a t e  i t s  c o rre sp o n d in g  x p a ra m e te rs .
An a t te m p t was made to  c a l c u la te  th e  X p a ra m e te r  d i r e c t l y  fo r  CTP 
i n  a l l  s o lv e n ts  by u s in g  th e  p r e c i p i t a t i o n  th re s h o ld  v a lu e s  (Eqs. 5 .21  
and 5 .2 2 ) ,  and th e  known v a lu e  o f  th e  i n t e r a c t io n  p a ram e te r  fo r  CTP 
in  c h lo ro fo rm . T h is  l a t t e r  v a lu e  was n e c e s s a ry  to  e v a lu a te  th e  X 
p a ra m e te r  fo r  th e  n o n -so lv e n t-p o ly m e r system  (X ^^* V alues o f  th e  
n o n - s o lv e n t - s o lv e n t  i n t e r a c t i o n  p a ram ete r were a ls o  n o t a v a i l a b l e ,  
so th e s e  were c a lc u la te d  on th e  b a s is  o f  v a r io u s  a ssu m p tio n s  such as 
u s in g  a c o n s ta n t  Xg v a lu e  fo r  a s e r i e s  o f  n o n rrso lv e n trso lv e n t m ix tu re s  
in  w hich th e  s o lv e n ts  had n e a r ly  th e  same m olar volume and sh ap e . The 
r e s u l t a n t  v a lu e s  o f  X f ° r  p o ly m e r-so lv e n t were n o t however s a t i s f a c t o r y ,  
s in c e  th e y  g r e a t ly  exceeded 0 .5  in  many c a s e s ,  in d i c a t in g  th a t  S c o t t ’ s 
assum ptions a r e  n o t  a p p l ic a b le  fo r  t h i s  system .
CHAPTER VI 
FRACTIONATION OF CELLULOSE 
TRIPROPIONATE BY THE NON-SOLVENT 
ADDITION METHOD
INTRODUCTION
Fractional Precipitation Method
T here a re  many f r a c t i o n a t io n  m ethods b ased  on f r a c t i o n a l  
s o lu t io n ,  chrom atography , th e rm a l d i f f u s io n ,  s e d im e n ta t io n , and 
summative f r a c t i o n a t io n  b u t o n ly  f r a c t i o n a l  p r e c i p i t a t i o n  i s  in ­
v o lv ed  in  th e  p r e s e n t  work. In  g e n e ra l th e  s o l u b i l i t y  o f  a p o ly ­
mer i s  a g iv en  s o lv e n t  in c re a s e s  w ith  d e c re a s in g  polym er m o le c u la r  
w e ig h t. Thus s u c c e s s iv e ly  low er m o le c u la r  w eig h t f r a c t io n s  o f a 
d is s o lv e d  po lym er, p o ly d isp e rs e d  w ith  r e s p e c t  to  i t s  m o le c u la r  
w e ig h t, can be p r e c i p i t a t e d  by s te p w ise  d e c re a se  in  th e  s o lv e n t 
power o f th e  system . T h is  i s  u s u a l ly  c a r r i e d  o u t by d e c re a s in g  
th e  s o lu t io n  te m p e ra tu re , e v a p o ra tio n  o f  s o lv e n t ,  o r  a d d i t io n  o f  
n o n -s o lv e n t .
F r a c t io n a t io n  by a d d i t io n  o f  n o n -s o lv e n t has been  w id e ly  u sed  
em ploying d i l u t e  s o lu t io n s  w ith  v ig o ro u s  a g i t a t i o n .  A d d itio n  o f 
n o n -s o lv e n t i s  co n tin u ed  u n t i l  a d i s t i n c t l y  tu r b id  s o lu t io n  i s  
o b ta in e d , w hich c o n ta in s  s o lu t io n  (p o ly m e r-le a n ) and p r e c i p i t a t e d  
(p o ly m e r-r ic h )  p h a se s . The sw o llen  p r e c i p i t a t e d  polym er i s  r e d i s ­
so lv e d , by r a i s i n g  th e  te m p e ra tu re  o f  th e  sy stem , and i t  i s  then, 
a llow ed  to  co o l g ra d u a l ly  to  th e  o r ig i n a l  te m p e ra tu re  w ith  c o n t in u a l  
s t i r r i n g .  T h is  p ro ced u re  i s  c a r r i e d  o u t to  make su re  e q u i l ib r iu m  
i s  e s ta b l i s h e d  betw een th e  two p h a s e s . D if f e r e n t  te c h n iq u e s  can 
be used  f o r  s e p a ra t in g  th e  two p h ases  depend ing  on th e  n a tu re  o f  
th e  p r e c i p i t a t e ,  f o r  example a f l u i d  p r e c i p i t a t e  may be removed 
th ro u g h  a  ta p  a t  th e  bottom  o f th e  f l a s k .  However, ch o ice  o f 
s o lv e n t and n o n -so lv e n t ( p r e c i p i t a n t )  in  t h i s  f r a c t io n a t io n  m ethod
i s  im p o r ta n t .
Theoretical Consideration of Fractionation
Schulz in  th e  ca se  o f  f r a c t i o n a t io n  by th e  n o n -s o lv e n t
a d d i t io n  m ethod, has ex p re ssed  th e  e q u i l ib r iu m  betw een th e  s o lu t io n  
and p r e c i p i t a t e d  phases  o f a polym er h av in g  a  s t r u c t u r a l  u n i t  num ber, 
x , by
l n ( C l/ c 2 ) = (A+BP)(x/kT) (6 .1 )
H ere c^ and c2 a re  th e  c o n c e n tra t io n s  o f  polym er in  th e  p r e c i p i t a t e d  
and s o lu t io n  p h ases  r e s p e c t iv e ly ,  A and B a re  c o n s ta n t s ,  k  th e  m o lecu la r
gas c o n s ta n t ,  T th e  a b s o lu te  te m p e ra tu re ,  and P th e  p e rc e n t  o f
added p r e c i p i t a n t  a t  s a tu r a t io n .  Thus a b e t t e r  f r a c t i o n a t io n  
o c c u rs  when th e  r a t i o  c ^ / c 2  i-s l a r ge r  o r  th e  c o n c e n tra t io n  o f  s o lu t io n  
i s  lo w er.
(97) . . . . . .F lo ry  has d e r iv e d  a s im i la r  r e l a t i o n s h i p  fo r  f r a c t i o n a t io n
o f  a p o ly d is p e r s e  polym er in  a s in g le  s o lv e n t .  He eq u a ted  th e  
ch em ica l p o t e n t i a l s  o f  th e  polym er s p e c ie s  o f  r e l a t i v e  x u n i t s  in  
th e  two p h ases  in  e q u i l ib r iu m , and a ls o  th e  ch em ica l p o t e n t i a l s  o f
th e  s o lv e n t  in  th e  two p h a se s , to  o b ta in  th e  r e l a t io n a h ip
'/<!>> = ox (6 .2 )A A
H ere and <J>x a re  th e  volume f r a c t io n s  o f  th e  p o ly m eric  s p e c ie s  
x in  th e  two p h ases  and o i s  th e  p a r t i t i o n  c o e f f i c i e n t  e x p re s se d  
a s  fo llo w s
a = <}.2 ( 1 - 1  / x n ) - ( ( > ^  ( 1 - 1  /x^> +XC (l-4>2) 2~ ( 1 - < J > ^ )  2 D (6 .3 )
H ere and xn a re  th e  number a v e ra g e s  o f  x in  th e  p r e c i p i t a t e d  and
s o lu t io n  p h a se s , r e s p e c t iv e l y ,  w ith  r e s p e c t iv e  volume f r a c t io n s  ^  and
((>2 , and x i s  th e  i n t e r a c t i o n  p a ra m e te r . S in ce  th e  e x a c t m o le c u la r
w eigh t d i s t r i b u t i o n  o f  th e  polym er e f f e c t i v e l y  d e te rm in e s  th e
v a lu e  o f  a ,  th e  r e s u l t s  o f f r a c t i o n a t io n  can  n o t  be  p r e d ic te d  in
advance. A lthough F lo ry  ig n o red  th e  te rm s f o r  h ig h e r  pow ers o f
c o n c e n tra t io n  in  d e r iv in g  th e  chem ical p o t e n t i a l s  o f  th e  s o lv e n t
(qa\
and po lym er, Huggins and Okamoto have ta k e n  th e s e  in to  acco u n t
by p ro p o s in g  an a d d i t io n a l  te rm  f o r  e v a lu a t io n  o f  cr.
A ccord ing  to  F lo ry  th e  f r a c t io n s  o f  c o n s t i tu e n t  x  in  th e  
d i l u t e  p h a se , f x , and in  th e  p r e c i p i t a t e d  p h a se , f ^ ,  a r e  ex p re sse d  
by
f  = 1/(1+Rea x ) (6 .4 )
X
r  = Rel5x/(1+Rea x ) (6 .5 )
Here R i s  th e  r a t i o  o f  th e  volume o f  p o ly m e r- r ic h  p h ase  to  volume 
o f p o ly m e r-le a n  phase  a t  e q u i l ib r iu m .
The e f f ic ie n c y  o f  f r a c t i o n a t io n  h as  been  d is c u s s e d  by H uggins 
and Okamoto and f o r  a  com plete  f r a c t i o n a t io n  t h i s  was e x p re sse d  
fo r  th e  c o n c e n tra te d  and s o lu t io n  p h ases  a t  each  s t e p ,  r e s p e c t iv e l y ,  
a s  fo llo w s
2 f ' ( x - x ° )x t-i *r»'
Here f 1 and f  a re  th e  f r a c t i o n s  o f  polym er in  th e  c o n c e n tra te d  and
s o lu t io n  p h a se s , r e s p e c t iv e l y ,  and a°  i s  in tro d u c e d  as  a  sp re a d
f a c to r  w hich i s  r e l a t e d  to  th e  r a t i o  o f  w e ig h t to  number a v e ra g e
s t r u c t u r a l  u n i t s  o f  x by x ° /x °  = l+ ( a ° ) ^ .w n
A s e r i e s  o f  h y p o th e t ic a l  f r a c t i o n a t io n s  have been  c a r r i e d  o u t
by Kamide and o th e r  w o rk e rs , u s in g  a com p u ta tio n  te c h n iq u e . For
. . . (99)in s ta n c e  Kamide and M iyazaki , in  t h e i r  s tu d y  o f  th e  e f f e c t  o f
m o le c u la r  w eigh t d i s t r i b u t i o n  on s e p a r a t io n  c h a r a c t e r i s t i c s ,  con­
c lu d ed  t h a t  in  th e  f r a c t i o n a l  p r e c i p i t a t i o n  x^ i s  in c re a s e d  w ith  
in c re a s in g  x° / x° w h ile  th e  o p p o s ite  b e h a v io u r ta k e s  p la c e  in  
f r a c t i o n a l  s o lu t io n  Both a and R become l a r g e r  f o r  th e  f r a c t i o n s  
s e p a ra te d  from  polym ers h av in g  a  la rg e  x° / x°  r a t i o ,  ex c e p t f o r  th e  
l a s t  s te p s  in  s o lu t io n  f r a c t i o n a t i o n .  In  a n o th e r  s tu d y  th e s e
a u th o rs  concluded  t h a t  th e  o ccu ran ce  o f  r e v e r s e  o rd e r  f r a c t i o n a t i o n ,  
in  f r a c t i o n a l  p r e c i p i t a t i o n ,  i s  t h e o r e t i c a l l y  p o s s ib le  even when 
com plete  phase  e q u i l ib r iu m  i s  a t t a in e d .  C om p ara tiv e ly  la rg e
v a lu e s  o f  x ° /x °  and d>0 fa v o u r r e v e r s e  o rd e r  f r a c t i o n a t i o n ,  w h ile  w n r 2 ’
s iz e  o f  th e  x v a lu e  a ls o  in f lu e n c e s  th e  c o n d i t io n s  fo r  r e v e r s e  
o rd e r  f r a c t i o n a t io n .
D e r iv a t io n  o f  M olecu lar W eight D is t r ib u t io n s
V ario u s app roaches have been  made to  d e te rm in e  th e  m o le c u la r  
w eig h t d i s t r i b u t i o n ,  w hich has  been  c a lc u la te d  and e x p re s se d  in  
v a r io u s  w ays. The m o le c u la r  w eig h t d i s t r i b u t i o n  i s  r e p re s e n te d  
g r a p h ic a l ly  by p l o t t i n g  th e  w eig h t f r a c t i o n  p e r  u n i t  change o f
m o le c u la r  w e ig h t, a g a in s t  m o le c u la r  w e ig h t, M, ( d i f f e r e n t i a l  
w eigh t d i s t r i b u t i o n  c u rv e ) ,  o r  th e  cu m u la tiv e  w eig h t f r a c t i o n  
v e rs u s  m o le c u la r  w e ig h t. I t  can  be  e x p re s se d  by v a r io u s  d i s t r i ­
b u tio n  fu n c t io n s  such a s  th e  fo llo w in g  lo g -n o rm al d i s t r i b u t i o n .
W(M) = —  ^  e x p ( -  In2 ]£-) (6 .8 )
3/ir 3 o
w here th e  p a ra m e te rs  3 and Mq a r e  r e l a t e d  to  th e  av erag e  m o le c u la r
w eig h t by
2
M = M e“ ^ ^  (6 .9 )n o
2
M = M e ^ ^  (6 .1 0 )w o
A l te r n a t iv e ly  th e  m o le c u la r  w e ig h t d i s t r i b u t i o n  can be e x p re sse d
by v a r io u s  in d ic e s  d e r iv e d  from  f r a c t io n a t io n  d a ta  such a s  th e
M M , M
r a t i o  M /M o r  th e  in d ic e s  U = - 1 ,  A = ( ^  - I ) 5 , and g = (—?■ -w n M M ’ b Mn n w
B e a ll p roposed  a b in o m ia l d i s t r i b u t i o n  fu n c t io n  to  d e s c r ib e  
th e  d i s t r i b u t i o n  o f  th e  f r a c t i o n s  w hich was m o d ified  by Tung 
A ccord ing  to  Tung t h i s  i s  th e  m ost p r e c i s e  method to  u se  when th e  
a b s o lu te  m o le c u la r  w e ig h ts  o f  th e  f r a c t i o n s  a re  a v a i la b l e ;  t h i s  
method was a ls o  p r e f e r r e d  by K on ingsveld  Here th e  d i f ­
f e r e n t i a l  d i s t r i b u t i o n  f o r  th e  w hole p o lym er, W(M), i s  o b ta in e d  
from  th e  d i f f e r e n t i a l  d i s t r i b u t i o n  fu n c t io n  o f  each  i  th  f r a c t i o n ,
W.(M), a s  fo llo w s  
1 A
W(M) = I w.W.(M) (6 .1 1 )
i= l
H ere w^ i s  th e  w eigh t f r a c t i o n  o f th e  i  th  polym er f r a c t i o n  and
VL(M) i s  computed from  E q n .6 .8  u s in g  th e  c o rre sp o n d in g  3 and Mq 
v a lu e s  f o r  each  polym er f r a c t i o n .  However, a c c o rd in g  to  K o n in g sv e ld , 
H uggins and Okamoto, and o th e r  a u th o rs  a v e ry  h ig h  d eg ree  o f  f r a c ­
t i o n a t i o n  can n o t be o b ta in e d ,  s in c e  some o v e r la p p in g  o f  m o le c u la r  
w e ig h ts  alw ays e x i s t s ,  so t h a t  f r a c t i o n a t io n  i s  n o t an a c c u ra te  means 
o f  d e te rm in in g  th e  m o le c u la r  w eig h t d i s t r i b u t i o n .
F r a c t io n a t io n  S tu d ie s  f o r  C e l lu lo s e  D e r iv a t iv e s
Morey and Tamblyn exam ined th e  a p p l i c a t io n  o f  S chu lz*s
f r a c t io n a t io n  th e o ry  by m easuring  th e  o p t i c a l  t u r b i d i t y  o f  s o lu t io n s  
o f d i f f e r e n t  m o le c u la r  w eig h t c e l lu lo s e  a c e ta t e - b u ty r a te s  on a d d i t io n  
o f a n o n -s o lv e n t .  S tu d ie s  w ere made w ith  d i f f e r e n t  c o n c e n tr a t io n s  
o f  polym er and s o lv e n t - p r e c ip i t a n t  sy s tem s . They found t h a t  th e  
i n i t i a l  polym er c o n c e n tra t io n  has o n ly  a  m inor e f f e c t  on th e  
e f f i c i e n c y  o f  f r a c t i o n a t io n .  U sing a v e ry  d i l u t e  s o lu t io n  b r in g s  
no advan tage  c o n tra ry  to  t h a t  found by o th e r  w orkers  who ag ree d  
w ith  S ch u lz . Morey and Tamblyn a ls o  found th e  c h o ic e  o f  s o lv e n t -  
p r e c i p i t a n t  system  to  be im p o rta n t in  th e  e f f i c i e n c y  o f  f r a c t i o n a t i o n ,  
s in c e  in  some system s polym er s o l u b i l i t y  i s  in d e p en d en t o f  m o le c u la r  
w eig h t o r  even a r e v e r s e  o rd e r  s o l u b i l i t y  e f f e c t  may be o b se rv e d .
An a c e to n e -w a te r  system  has been  used  f o r  th e  f r a c t i o n a t io n  
o f c e l lu lo s e  a c e ta t e - b u ty r a te  9 t r i b u t y r a t e  > and n i t r a t e
(106) to  b e a s a t i s f a c t o r y  system  f o r  c e l lu lo s e  d e r i v a t i v e s .
The m o lecu la r  w e ig h ts  o f  f r a c t io n s  o b ta in e d  f o r  c e l lu lo s e  a c e t a t e -  
b u ty r a te  ranged  from  12,000 to  210 ,000  f o r  tw e n ty - th re e  f r a c t i o n s ,  
and th o se  f o r  c e l lu lo s e  t r i b u t y r a t e  ran g ed  from  77,000  to  3 6 0 ,0 0 0 .
Hunt e t  a l . h a v e  f r a c t io n a t e d  c e l lu lo s e  t r i n i t r a t e ,  u s in g  
a  m ix tu re  o f  a c e to n e  and a lc o h o l as  s o lv e n t  and m ix tu re  o f  hydro­
ca rb o n s  ( p r im a r i ly  hexane) a s  p r e c i p i t a n t .  They o b ta in e d  e le v e n  
f r a c t i o n s  w ith  a lo w e s t and h ig h e s t  d eg ree  o f  p o ly m e r iz a tio n  o f 
50 and 500, and r a t i o s  o f  w eig h t to  number av e ra g e  betw een 1 .1 9 -2 .2 3 ;  
th e  l a t t e r  p ro v id ed  an a sse ssm en t o f  th e  e f f i c i e n c y  o f  f r a c t i o n a t io n .  
They found . i t  d i f f i c u l t  to  a c h ie v e  an e q u i l ib r iu m  betw een th e  two 
p h ases  under th e  c o n d i t io n s  s tu d ie d .  E s s e n t i a l l y  th e  same s o lv e n t -  
p r e c i p i t a n t  system  h a s  been  used  f o r  f r a c t i o n a t i o n  o f c e l lu lo s e  
n i t r a t e  and a c e ta t e  t in  each  c a se  s ix  f r a c t i o n s  w ere
o b ta in e d  h av in g  number av e ra g e  m o le c u la r  w e ig h ts  ra n g in g  betw een 
65 ,000  to  260 ,000  and 34 ,000  to  1 0 4 ,0 0 0 , r e s p e c t iv e l y .
Howard and P a r ik h  have employed a c h lo ro fo rm -a c e to n e
m ix tu re  a s  s o lv e n t ,  w ith  p e tro le u m  e th e r  a s  p r e c i p i t a n t ,  f o r  th e  
f r a c t i o n a t io n  o f  c e l l u lo s e  t r i a c e t a t e .  I t  was observ ed  in  t h i s  
system  th a t  v e ry  l i t t l e  f r a c t i o n a t io n  ta k e s  p la c e ,  th e  Mn v a lu e s  
f o r  th e  f r a c t io n s  o b ta in e d  ra n g in g  from  15 ,600  to  31 ,300  ( o r ig in a l  
o f  2 8 ,6 0 0 ). F r a c t io n a t io n  in  an a c e t i c  a c id  s o lv e n t  w as, how ever, 
b e t t e r  th a n  in  c h lo ro fo rm -a c e to n e  m ix tu re s  o r  in  t e t r a c h lo r o e th a n e .  
The r e s u l t s  w ere e x p la in e d  by th e  h y p o th e s is  t h a t  s p e c i f i c  p o lym er- 
s o lv e n t  i n t e r a c t i o n  ta k e s  p la c e  due to  hydrogen  b ond ing .
EXPERIMENTAL
M a te r ia ls
A h ig h  m o le c u la r  w eig h t CTP was em ployed f o r  th e  p r e s e n t  
s tu d ie s  fo r  w hich th e  method o f  p r e p a r a t io n ,  m o le c u la r  w e ig h t,
and d eg ree  o f  p ro p io n y la t io n  have a lre a d y  been  g iv e n  in  T ab le  4 .5  
( th e  s o lu t io n  p r o c e s s ) .  L a b o ra to ry  re a g e n t g rad e  a c e to n e  and 
p ro p io n ic  a c id ,  and A nalo r g rad e  p e tro leu m  e th e r  ( b o i l in g  ran g e  
60-80°C) w ere used  a s  su p p lie d  by BDH. The minimum p u r i t y  o f  
th e s e  s o lv e n ts  w ere 9 9 .0 , 9 9 .0 , and 99 .9  wt.% r e s p e c t iv e l y .
P ro ced u re
F r a c t io n a t io n  o f CTP was c a r r i e d  o u t u s in g  two d i f f e r e n t  
s o lv e n t - p r e c ip i t a n t  sy stem s. In  th e  f i r s t  sy stem , a two l i t r e  
s o lu t io n  o f  CTP in  a c e to n e , h av in g  a c o n c e n tr a t io n  o f  1 .0 0  gd l \  
was p re p a re d  and l e f t  to  age in  a th e rm o s ta t  b a th  a t  *20°C f o r  
two d ay s . P e tro leu m  e th e r  was g ra d u a l ly  added (d ropw ise  in  l a t e r  
s ta g e s )  to  t h i s  s o lu t io n ,  w ith  s t i r r i n g ,  u n t i l  i t  became d i s t i n c t l y  
tu r b i d .  I t  was th e n  warmed to  35-40°C to  r e d is s o lv e  th e  p r e c i p i t a t e ,  
and th e n  coo led  s lo w ly  to  20°C w ith  s t i r r i n g .  T h is  warming and 
c o o lin g  p ro ced u re  was a g a in  re p e a te d  in  th e  same way and th e  s o lu t io n  
f i n a l l y  l e f t  to  s ta n d  o v e rn ig h t a t  20°C. The p r e c i p i t a t e d  p h ase  was 
e a s i l y  s e p a ra te d  by d e c a n tin g  o f f  th e  c l e a r  s o lu t io n .  The same p r e c i ­
p i t a t i o n  p ro ced u re  was th a n  c a r r i e d  o u t f o r  th e  s o lu t io n  p h ase  to  
o b ta in  th e  second and two f u r th e r  f r a c t i o n s .
In  th e  second system  one l i t r e  o f  CTP s o lu t io n  in  p ro p io n ic  
a c id ,  w ith  a c o n c e n tra t io n  o f 0 .9 8  gdl \  was p re p a re d  f o r  sub­
seq u en t f r a c t i o n a t io n  by a d d i t io n  o f  w a te r  a s  p r e c i p i t a n t .  In  o rd e r  
to  d is s o lv e  th e  CTP in  p ro p io n ic  a c id ,  th e  m ix tu re  was warmed to  
ab o u t 100°C. The same f r a c t io n a t io n  method was em ployed a s  b e fo re  
to  p re p a re  fo u r  f r a c t i o n s ,  ex cep t t h a t  a h ig h e r  te m p e ra tu re  o f  ab o u t 
50°C was needed to  g iv e  an alm ost c l e a r  s o lu t io n .  H ere th e  p r e c i p i t a t e
was v e ry  sw o llen  and d id  n o t  s e t t l e  o u t e a s i l y ,  so i t  was n e c e s ­
s a ry  to  c e n t r i f u g e  th e  s o lu t io n  a t  6 ,0 0 0 -7 ,0 0 0  rpm. The te m p e ra tu re  
o f th e  low -speed  u l t r a c e n t r i f u g e  was betw een 17-20°C . A f te r  c e n t r i ­
fu g in g  th e  p r e c i p i t a t e d  g e l - l i k e  phase  was rem oved, d is s o lv e d  in  
a c e to n e , and th e  CTP r e p r e c i p i t a t e d  by a d d i t io n  o f  w a te r .
RESULTS
E f f e c t  o f  S o lv e n t - P r e c ip i t a n t  System  on F r a c t io n a t io n  o f  C e l lu lo s e  
T r ip ro p io n a te
The w eig h t o f  CTP p r e c i p i t a t e d  in  each  f r a c t i o n a t io n  s t e p ,  
amount o f  n o n -s o lv e n t r e q u ir e d  to  p r e c i p i t a t e  each  f r a c t i o n ,  and 
th e  m o le c u la r  w e ig h t o f  each  f r a c t i o n  f o r  th e  two d i f f e r e n t  sy stem s 
a re  g iv en  in  T ab les  6 .1  and 6 .2 .  The p r e c i p i t a t i o n  cu rv es  a r e  
shown p lo t t e d  in  F ig u re  6 .1 .  Number av erag e  m o le c u la r  w e ig h ts  
o f  f r a c t i o n s  w ere m easured by osmometry ex ce p t f o r  th e  f r a c t i o n s  
F^P, F^P, and F^P w hich w ere o b ta in e d  by v isc o m e try  (se e  C h ap te rs  
V II I  and V I I ) .  The r a t i o  o f  w eig h t to  number av e ra g e  m o le c u la r  
w eigh t was o b ta in e d  by g e l p erm ea tio n  chrom atography (se e  C h ap te r IX) 
f o r  th e  a c e to n e -p e tro le u m  e th e r  f r a c t io n s  * and f o r  th e  F^P f r a c t i o n  from  
th e  p ro p io n ic  acid^-w ater system  w hich  had a v a lu e  o f  1 .8 8 .
T ab le  6 .1  F r a c t io n a l  P r e c i p i t a t i o n  D ata F o r CTP U sing A ce to n e - 
P e tro leu m  E th e r  System  At 20°C
F r a c t io n
Ml. o f 
p r e c i p i t a n t  
added to  
100 m l. 
i n i t i a l  
s o lu t io n
Wt. % o f 
o r ig i n a l  
polym er 
p r e c i p i t a t e d
W eight 
f r a c t i o n  
o f  t o t a l  
p r e c i p i t a t e d  
polym er Mn
- 150 none none - -■
FXA 157 4 7 .1 0 .482 389,200 1 .32
f 2a 162 62 .4 0 .157 197,300 1 .2 7
f 3a 184 8 8 .8 0 .270 153,100 1 .17
f 4a 225 97 .7 0 .091 72,000 1 .15
T ab le  6 .2 F r a c t io n a l  P r e c i p i t a t i o n  D ata For CTP U sing 
P ro p io n ic  A cid-W ater System  At 20°C
F r a c t io n
Ml. o f  
p r e c i p i t a n t  
added to  
100 ml 
i n i t i a l  
s o lu t io n
Wt. % o f 
o r ig i n a l  
polym er 
p r e c i p i t a t e d
W eight 
f r a c t i o n  
o f  t o t a l  
p r e c i p i t a t e d  
polym er Mn
F-jP 30.4 4 .1 0 .042 233,500
f 2p 32.6 33 .0 0.295 270,000
f 3p 34.5 65 .2 0.329 223,900
F4P 39.6 97.7 0 .333 176,200

Calculation of Molecular Weight Distribution of Cellulose Tripropionate
The d i f f e r e n t i a l  d i s t r i b u t i o n  f o r  CTP was c a lc u la te d  from  f r a c t io n a ­
t i o n  d a ta  o b ta in e d  f o r  th e  a c e to n e -p e tro le u m  e th e r  system  a c c o rd in g  to  
th e  m o d ifie d  B e a l l 's  method u s in g  E qs. 6 .8 ,  6 .9 ,  6 .1 0 , and 6 .1 1 . The 
d a ta  a re  g iv e n  in  T ab le  6 .3  w here o n ly  th e  v a lu e  o f  w^W^(M) a t  M = 140,000
fo r  each  f r a c t i o n  i s  shown. The d i f f e r e n t i a l  d i s t r i b u t i o n  f o r  th e  whole 
-4polym er f o r  10 M v a lu e s  o f  2 , 4 , 7 , 12, 22 , 27 , 32, 40 , 50 , 70, and 
100 w ere c a lc u la te d  and v a lu e s  10^ W(M) o f 0 .0 7 ,  5 .3 5 , 1 8 .3 , 2 6 .5 , 2 9 .4 , 
2 6 .8 , 1 4 .5 , 1 0 .5 , 7 .9 0 , 3 .7 5  and 1 .15  w ere o b ta in e d  r e s p e c t iv e l y .  These 
r e s u l t s  a re  shown p lo t t e d  in  F ig u re  6 .2 .
T ab le  6 .3  P a ram e te rs  3 And MQ And P ro d u c t Of W eight F r a c t io n  And 
D is t r ib u t io n  F u n c tio n  For D if f e r e n t  CTP F ra c t io n s
F r a c t io n 3 Mo
w ^C M ) x 107 
a t  M = 140,000
FXA 0.745 447 ,100 2 .3 0
f 2a 0.691 222,300 5 .85
f 3a 0 .560 165,600 17 .8
F4A 0.529 77,220 1 .96
= 27 .9x10” 7
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DISCUSSION
In  f r a c t i o n a l  p r e c i p i t a t i o n  th e  c h o ic e  o f  s o lv e n t and p r e c i p i t a n t  
has  an im p o rta n t e f f e c t  on th e  e f f i c i e n c y  o f  s e p a r a t io n  o f  th e  d i f f e r e n t  
p o ly m eric  s p e c ie s .  T h is  e f f e c t  i s  i l l u s t r a t e d  in  T ab le  5 .1 ,  where 
d i f f e r e n c e s  betw een p r e c i p i t a t i o n  th r e s h o ld  v a lu e s  f o r  th e  h ig h  and 
low m o le c u la r  w eig h t sam ples can  v a ry  a p p re c ia b ly  from  s o lv e n t  to  
s o lv e n t .  The g r e a te r  d i f f e r e n c e s  in d i c a te  t h a t  f r a c t i o n a t io n  shou ld  
o ccu r in  th e s e  system s more s u c c e s s f u l ly .  T ab le  5 .1  a l s o  shows th e  
ap p ro x im ate  volume f r a c t i o n  o f  p r e c i p i t a n t  to  co m p le te ly  p r e c i p i t a t e  
th e  po lym er, and a la rg e  d i f f e r e n c e  betw een t h i s  and th e  volume f r a c t io n  
a t  th e  p r e c i p i t a t i o n  th r e s h o ld  p o in t  shou ld  g iv e  a  g r e a t e r  d eg ree  o f  
c o n t ro l  o v er th e  f r a c t i o n a t io n .  On t h i s  b a s i s ,  c o n s id e r in g  th e  
q u a n t i t i e s  to  be u sed , th e  a c e to n e -p e tro le u m  e th e r  system  was chosen  
f o r  f r a c t i o n a t io n .  The r e s u l t s  o f  f r a c t i o n a t i o n  in  t h i s  system  (T ab le  
6 .1 )  show t h i s  to  be q u i te  a s a t i s f a c t o r y  one f o r  f r a c t i o n a t i o n .o f  CTP. 
The e f f e c t  o f  s o lv e n t  i s  p ro b a b ly  more im p o rta n t th a n  th e  p r e c i p i t a n t ,  
s in c e  th e  f r a c t io n a t io n  o f  c e l lu lo s e  d e r iv a t iv e s  in  a c e to n e  u s in g  
w a te r  as  w e ll as  o th e r  p r e c i p i t a n t s  h as  been  s u c c e s s f u l .  On th e  o th e r  
hand a v e ry  sm all d i f f e r e n c e  betw een th e  p r e c i p i t a t i o n  th r e s h o ld  v a lu e s ,  
f o r  th e  two d i f f e r e n t  m o le c u la r  w e ig h t CTP sam p les , in  th e  c a se  o f  th e  
p ro p io n ic  a c id -p e tro le u m  e i t h e r  system  (T ab le  5 .1 )  would acc o u n t f o r  
th e  p o o re r  f r a c t io n a t io n  o b served  in  th e  p ro p io n ic  a c id -w a te r  system  
(T ab le  6 .2 ) .
The way in  w hich th e  v a r io u s  s o lv e n t  p r e c i p i t a t i o n  th r e s h o ld  
v a lu e s  in f lu e n c e  t h e i r  a c tu a l  f r a c t i o n a t io n  e f f i c i e n c y  may be c o n s id e re d  
on th e  b a s is  o f  th e  F lo ry  th e o ry . H ere we need  th e  e x a c t v a lu e s  o f  x>
c ,  and R f o r  each  f r a c t i o n a t io n  s t e p ,  w hereas in  th e  p re s e n t  work 
n o t enough f r a c t i o n a t io n  d a ta  a re  a v a i l a b l e  f o r  t h e i r  e v a lu a t io n .
F l o r y 's  th e o ry  shows a to  in c re a s e  w ith  th e  i n t e r a c t i o n  p a ram e te r  
betw een polym er and s o lv e n t  (o r s o l v e n t - p r e c ip i t a n t  m ix tu re )  r e s u l t i n g  
in  a h ig h e r  c o n c e n tr a t io n  o f a g iv e n  p o ly m eric  s p e c ie s  in  th e  p r e c i p i t a t e d  
p h a se . Here a n o th e r  p o in t  i s  n o t ic e a b le  t h a t  th e  i n t e r a c t io n  p a ra m e te rs  
o f  d i f f e r e n t  s p e c ie s  o f  a h e te ro g e n o u s  p o ly m er, in  a g iv en  s o lv e n t  may 
n o t be th e  same, and th e  e f f e c t  o f d e c re a s in g  th e  s o lv e n t power in  
each  s te p  w i l l  e q u a l ly  ap p ly  to  a l l  s p e c ie s .  C onsequen tly  th e  s e p a r a t io n  
o f  d i f f e r e n t  p o ly m eric  s p e c ie s  in  each  s te p  w ould now a ls o  depend on th e  
d i f f e r e n c e s  betw een t h e i r  i n t e r a c t i o n  p a ra m e te r s ,  b u t so f a r  no 
t h e o r e t i c a l  r e l a t io n s h ip  has been  d e r iv e d  to  show how f r a c t io n a t io n  
e f f i c i e n c y  depends on such d i f f e r e n c e s  betw een  x v a lu e s .  F o r exam ple, 
th e  i n t e r a c t i o n  p a ra m e te rs  o f  d i f f e r e n t  m o le c u la r  w eig h t CTP f r a c t io n s  
i n  ch lo ro fo rm  (T ab le  5 .3 )  o n ly  in c re a s e  s l i g h t l y  w ith  in c r e a s in g  m ole­
c u la r  w e ig h t, in d ic a t in g  th a t  a r e l a t i v e l y  p o o re r  f r a c t i o n a t io n  o f  
CTP in  c h lo ro fo rm  shou ld  be o b ta in e d . T h is  i s  in  agreem ent w ith  th e  
v e ry  c lo s e  p r e c i p i t a t i o n  th re s h o ld  v a lu e s  f o r  two d i f f e r e n t  m o le c u la r  
w e ig h t CTP sam ples in  c h lo ro fo rm , u s in g  p e tro le u m  e th e r  (T ab le  5 .1 )  
as  p r e c i p i t a n t  ( th e  same e f f e c t  would be e x p e c te d  on c o o l in g ) .
T here i s  a  p o s s i b i l i t y  t h a t  in  th e  f r a c t i o n a t i o n  o f  CTP in  th e  
p ro p io n ic  a c id -w a te r  system , e q u i l ib r iu m  betw een th e  two p h a se s  h as  
n o t been  co m p le te ly  e s ta b l i s h e d  under th e  c o n d i t io n s  em ployed. In  
t h i s  c a se  a h ig h e r  te m p e ra tu re  may h e lp  to  a t t a i n  com plete  e q u i l ib r iu m .
On th e  o th e r  hand , Morey and Tamblyn b e l ie v e  t h a t  th e  f r a c t i o n a t i o n
e f f i c i e n c y  i s . n o t  so much concerned  w ith  polym er c o n c e n tr a t io n  in  th e
two p h a s e s ,  a s  i t  i s  w ith  volume f r a c t io n  o f  th e  p r e c i p i t a t e d  p h a se . 
T h e re fo re  poo r f r a c t i o n a t io n  o f  CTP in  p ro p io n ic  a c id -w a te r ,  in  w hich 
th e  volume f r a c t i o n  o f  p r e c i p i t a t e d  phase in  com parison  to  th e  o th e r  
system  i s  v e ry  h ig h , can be p r e d ic te d  on th e  b a s i s  o f  t h i s  a ssu m p tio n .
CHAPTER V I I  
MEASUREMENT OF V IS C O S IT Y  
OF CELLULOSE TRIPROPIONATE 
SOLUTIONS
INTRODUCTION
D e f in i t io n s  and B asic  E q u a tio n s  f o r  V is c o s i ty  D e te rm in a tio n
The v i s c o s i t y  o f  a f l u i d  i s  a m easure o f  i t s  r e s i s t a n c e  to  
flo w  and in  o rd e r  to  d e f in e  i t  two b a s ic  m odels o f  N ew tonian ( f l u i d  
m odel) and M axw ellian  ( e l a s t i c  m odel) flow  have been  evo lved  .
In  th e  N ew tonian model th e  v i s c o s i t y ,  rj, i s  d e f in e d  by th e  fo llo w in g  
r e la t io n s h ip  in  w hich th e  f o r c e ,  f , moving th e  f l u i d  w ith  v e lo c i ty  
v  betw een two p a r a l l e l  p l a t e s  d is ta n c e  y a p a r t  and a re a  A, w ith  th e  
upper p l a t e  o n ly  b e in g  s u b je c te d  to  t h a t  f o r c e  in  a d i r e c t io n  p a r a l l e l  
to  th e  bo ttom  p la t e
n = ( f /A ) /  (dv /d y ) (7 .1 )
H ere d v /dy  i s  th e  v e l o c i ty  g r a d ie n t  d ev eloped  betw een th e  p l a t e s  and
i s  u s u a l ly  c a l l e d  th e  " s h e a r  r a t e " .  The v i s c o s i t y  i s  u s u a l ly  e x p re s se d
-2  .
in  p o is e s  (dyne s e c . cm ) o r  c e n t ip o is e s .  Thus when th e  s h e a r in g  
fo rc e  p e r  u n i t  a r e a  i s  d i r e c t l y  p r o p o r t io n a l  to  th e  r a t e  o f  s h e a r  th e  
v i s c o s i t y  i s  c o n s ta n t  and th e  f l u i d  i s  s a id  to  be N ew tonian. In  th e  
M axw ellian m odel, s t r e s s  (f/A ) i s  r e l a t e d  to  s t r a i n  (S) by th e  co­
e f f i c i e n t  o r  m odulus o f  e l a s t i c i t y  (e) in  w hich (f/A ) = eS b u t such  
system s a re  n o t c o n s id e re d  f u r th e r  in  th e  p r e s e n t  w ork.
The m ethods m o s tly  employed f o r  th e  d e te rm in a tio n  o f  th e  v i s c o s i t y  
o f  a s o lu t io n  can  be c l a s s i f i e d  in to  th r e e  g roups o f  m easurem ents 
f low  r a t e  th ro u g h  a c a p i l l a r y ,  th e  v e lo c i ty  o f  s e t t l i n g  o f a s p h e re ,  
and th e  f r i c t i o n  e x e r te d  when i t  i s  p la c e d  betw een two r o t a t i n g  
c o n c e n tr ic  c y l in d e r s .  M easuring th e  v i s c o s i t y  o f  a polym er s o lu t io n  
in  a c a p i l l a r y  v isc o m e te r  i s  a co n v en ien t method and v a r io u s  ty p e s  
have been  d e s ig n e d . The Ubbelohde v is c o m e te r  i s  th e  ty p e  m ost commonly 
employed and i s  c a l le d  a  " su sp e n d e d - le v e l v is c o m e te r" .  F or a b s o lu te
d e te rm in a tio n  o f  v i s c o s i t y  u s in g  a c a p i l l a r y  v isc o m e te r  th e  m o d ified  
P o i s e u i l l e  e q u a tio n  i s  u sed  as  fo l lo w s .
(7 .2 )n 8V(1+X) "* 8Tr(l+X)t
H ere V i s  th e  volume o f  l i q u id  flo w in g  th ro u g h  th e  c a p i l l a r y  in  
tim e t  and P i s  th e  p r e s s u re  d i f f e r e n t i a l  betw een th e  ends o f  th e  
c a p i l l a r y  tu b e , whose r a d iu s  and le n g th  a re  R and 1 r e s p e c t iv e ly .  
The p r e s s u re  d i f f e r e n t i a l  i s  eq u a l to  th e  p ro d u c t o f  mean head ( h ) , 
l i q u id  d e n s i ty  and a c c e le r a t io n  due to  g r a v i ty  ( g ) . The q u a n t i ty  X 
i s  an e n d - e f f e c t  c o r r e c t io n  and th e  second te rm  in v o lv e s  a  k i n e t i c  
energ y  c o r r e c t io n  in  w hich m i s  a  c o n s ta n t  whose t h e o r e t i c a l  v a lu e  
i s  u n i ty  and d i s  th e  d e n s i ty  o f  th e  l i q u i d .  I f  th e  m easurem ents 
a r e  alw ays c a r r i e d  o u t in  th e  same v is c o m e te r ,  w ith  a  d r iv in g  f o r c e  
due to  g r a v i ty ,  Eq. 7 .2  can be w r i t t e n  in to  th e  form
Here k and C a re  in s tru m e n t c o n s ta n ts  and may be d e te rm in ed  by 
m easuring  th e  flow  tim e o f  a s ta n d a rd  l i q u id  h av in g  an a c c u r a te ly  
known v i s c o s i t y  a t  two o r  more te m p e ra tu re s  .
Measurement o f  th e  a b s o lu te  v i s c o s i t y  o f  a s o lv e n t  o r  a  s o lu t io n  
i s  n o t in  i t s e l f  o f  p a r t i c u l a r  i n t e r e s t ,  s in c e  th e  in c re a s e  in  v i s c o s i t y  
a t t r i b u t a b l e  to  th e  d is s o lv e d  polym er i s  o f  more s ig n i f i c a n c e .  S e v e ra l 
q u a n t i t i e s  a r e  used  to  e x p re ss  s o lu t io n  v i s c o s i t y  r e l a t i v e  to  th e  p u re  
s o lv e n t  and th e  r e le v a n t  r e l a t io n s h ip s  and d e f i n i t i o n s  a r e  g iv e n  in  
T ab le  7 .1 .  The r e l a t io n s h ip  *1 = t / t Q fo llo w s  from  Eq. 7 .3  i f  th e
d e n s i t i e s  o f  s o lv e n t  and d i l u t e  s o lu t io n  a r e  assumed to  be th e  same
q = k d t -  C d /t (7 .3 )
and th e  k i n e t i c  en erg y  c o r r e c t io n  te rm  becomes n e g l ig ib l e  f o r  
s u f f i c i e n t l y  lo n g  flow  tim e s .
T ab le  7 .1  V is c o s i ty  Terms For Polym er S o lu tio n s
Common Name Name Recommended by IUPAC
Symbol and D e fin in g  
E q u a tio n
R e la t iv e  v i s c o s i t y
S p e c i f ic  v i s c o s i t y
Reduced v i s c o s i t y  
In h e re n t  v i s c o s i t y
I n t r i n s i c  v i s c o s i t y
V is c o s i ty  r a t i o
V is c o s i ty  number
L o g arith m ic  v i s c o s i t y  
number
L im itin g  v i s c o s i t y  
number (LVN)
_ n _ t
nr e l  ~  o o
q = q 1 -1  = sp r e l
n—n t - to o
n0
_ nsp 
^ re d  c
lnnr e l  
^ in h  c
n = ( 0^0*0- =
l nTl 1
(— — )c c^o
v i s c o s i t y  o f  s o lu t io n  q = v i s c o s i t y  o f  p u re  s o lv e n t
flow  tim e  o f  s o lu t io n  t  = f lo w  tim e  o f  p u re  s o lv e n t
c = c o n c e n tr a t io n  o f  s o lu t io n
Dependence o f  V is c o s i ty  on C o n c e n tra tio n  and D e te rm in a tio n  o f  L im itin g  
V is c o s i ty  Number
In  g e n e ra l th e  r e l a t i v e  v i s c o s i t y  o f  a po lym er s o lu t io n  in c r e a s e s  
w ith  polym er c o n c e n tr a t io n  and numerous e q u a t io n s  have been  p ro p o sed  to  
show t h i s  r e l a t i o n s h ip .  Huggins has g iv e n  a  r e l a t i o n s h ip  w hich
n =
t  =
o n ly  co n ce rn s  th e  i n i t i a l  s lo p e  o f  th e  v i s c o s i t y  number v e r s u s  
c o n c e n tra t io n  cu rv e  and a p p l ie s  o n ly  to  q u i t e  d i l u t e  s o lu t i o n s :
n / c  = M  + k t Cn]2c (7 .4 )sp
The c o e f f i c i e n t  k 1 i s  known a s  th e  H uggins v is c o m e tr ic  c o n s ta n t  
c h a r a c t e r i s t i c  f o r  a  g iv e n  p o ly m e r-so lv e n t sy stem ; i t  i s  assumed 
to  be in d e p en d en t o f  m o le c u la r  w e ig h t. Kraemer ha s  e x p re sse d
th e  dependence o f  lo g a r i th m ic  v i s c o s i t y  number on c o n c e n tr a t io n  as  
fo llo w s
( ln n r e l ) / c  = [q ]  + k " [n J 2c (7 .5 )
w here k ” i s  known a s  th e  Kraemer v is c o m e tr ic  c o n s ta n t .
M effro y -B ig e t h as  g e n e ra l iz e d  th e  r e l a t i o n s h ip s  betw een
v i s c o s i t y  and polym er c o n c e n tr a t io n  and reduced  them to  two ty p e s  
o f  t r a n s c e n d e n ta l  e q u a t io n s .  He found k f to  b e  th e  sum o f  two 
te rm s , one o f  w hich  i s  d i r e c t l y  r e l a t e d  to  th e  v i s c o e l a s t i c  
p r o p e r t i e s  o f  th e  polym er in  s o lu t io n .  M effro y -B ig e t showed t h a t  
th e  r e s u l t a n t  m a th em a tic a l e q u a tio n s  gave a  p r e c i s e  form  o f  th e  
Huggins and o th e r  e x i s t i n g  e q u a t io n s .
L im itin g  v i s c o s i t y  number i s  in d e p en d en t o f  c o n c e n tr a t io n  and 
i s  d e te rm in ed  on th e  b a s is  o f  E qs. 7 .4  and 7 .5  by e x t r a p o la t io n
o f  th e  v i s c o s i t y  number (o r  lo g a r i th m ic  v i s c o s i t y  number) p l o t
a g a in s t  c o n c e n tr a t io n  to  ze ro  c o n c e n tr a t io n .  These p lo t s  a r e  l i n e a r  
a t  low c o n c e n tr a t io n s ,  w ith in  e x p e rim e n ta l e r r o r ,  b u t i t  i s  n o t  
u n u su a l to  f in d  c u rv a tu re  in  th e  p lo t s  when th e  r e l a t i v e  v i s c o s i t y  
i s  more th a n  1 .8  o r  l e s s  th a n  1 .2 .  At th e  h ig h e r  end th e  c u rv a tu r e  
r e s u l t s  from  s e c o n d -o rd e r  c o n c e n tra t io n  e f f e c t s ,  w h ile  a t  th e  low er
end t h i s  may be due to  a d s o rp tio n  o f  polym er on to  th e  c a p i l l a r y  
w a l l s .  The u n i t s  o f  LVN a r e  th o s e  o f  r e c ip r o c a l  c o n c e n tr a t io n  
w hich i s  g e n e ra l ly  ex p re sse d  in  g /d l  ( th e  p roposed  IUPAC c o n c e n t r a t io n  
i s  g /m l) .
There may be an a p p re c ia b le  dependence o f  v i s c o s i t y  on th e  
r a t e  o f  sh e a r  in  th e  c a p i l l a r y  v isc o m e te r  so t h a t  a low er v i s c o s i t y  
th a n  th a t  ex p ec ted  in  N ew tonian b eh av io u r i s  o b ta in e d . T h is  d ep en d en ce , 
w hich i s  g r e a t e r  f o r  l e s s  f l e x i b l e  lo n g  c h a in  p o ly m ers , i s  n o t
e l im in a te d  by e x t r a p o la t io n  to  i n f i n i t e  d i l u t i o n  and c o r r e c t io n s
j (118 , 119) T to  ze ro  sh e a r r a t e  m ust be m ade. T h is  may be done by
m easuring  th e  v i s c o s i t y  number f o r  d i f f e r e n t  sh e a r  r a t e s  and
e x t r a p o la t in g  to  ze ro  s h e a r  r a t e .
I t  shou ld  be p o in te d  o u t t h a t  i t  i s  p o s s ib le  to  e v a lu a te  th e  LVN
from  a s in g le  d e te rm in a tio n  o f  v i s c o s i t y  number a t  one c o n c e n t r a t io n
and a number o f e q u a tio n s  have been  p roposed  such, a s  t h a t  o f  Solomon
and Goteman g iv e n  by
M  = n /C l+ l /3 n  )c  sp sp a . 6)
R e la tio n  betw een L im itin g  V is c o s i ty  Number and M o lecu la r F e jg h t
The LVN i s  r e l a t e d  to  th e  m o le c u la r  w eig h t o f  th e  s o lu te  w hich, 
was f i r s t  re c o g n iz e d  by S ta n d in g e r  and he e x p re sse d  t h i s
r e la t io n s h ip  q u a n t i t a t i v e l y  a s  fo llo w s
ini = LM m a . 7)
w here M i s  th e  m o le c u la r  w e ig h t and i s  an e m p ir ic a l  c o n s ta n t .
S in ce  S ta n d in g e r  deduced Eq. 7 .7  f o r  r i g i d  r o d - l i k e  m o le c u le s , w hich 
seldom  e x i s t  in  r e a l  s o lu t i o n s ,  i t  was found to  be in a d e q u a te  in
many c a se s  and re q u ir e d  some m o d if ic a t io n .
(122) . (123) .Mark and Houwmk proposed  a  more g e n e ra l e q u a tio n
w hich shows th e  LVN to  be p r o p o r t io n a l  to  a  power o f  th e  m o lecu la r
w e ig h t as  fo llo w s
[ i l l  = KM3 ( 7 . 8 )
H ere K and a  a re  e m p ir ic a l  c o n s ta n ts  f o r  a g iv e n  p o ly m e r-so lv e n t 
system  a t  a  g iv e n  te m p e ra tu re . The v a lu e  o f  a  may v a ry  a s  th e
m o le c u la r  w eig h t o f  th e  polym er in c r e a s e s ,  a lth o u g h , i t  has been
. (124) ' . . . , ■shown e x p e r im e n ta lly  t h a t  i t  rem ain s  e s s e n t i a l l y  c o n s ta n t
ov er a w ide m o lecu la r  w e ig h t ra n g e .
The c o e f f i c i e n t  K and a a r e  o b ta in e d ,  r e s p e c t iv e l y ,  by th e
in t e r c e p t  and s lo p e  o f  th e  do u b le  lo g a r i th m ic  p lo t  o f  a b s o lu te
m o le c u la r  w eigh t v e rs u s  LVN v a lu e  f o r  a s e r i e s  o f  f r a c t io n a t e d  l i n e a r
polym er hom ologues, w hich i s  u s u a l ly  found to  b e  l i n e a r  w ith in
e x p e rim e n ta l e r r o r .  H ere e i t h e r  a number a v e ra g e  o r  a w eigh t
av e rag e  m o le c u la r  w eig h t i s  u se d , depend ing  on w hich is. r e q u ire d
to  be su b se q u e n tly  e v a lu a te d  from  a known v a lu e  o f  LVN and
th e  c o rre sp o n d in g  K and a  v a lu e s . F o r m o le c u la r ly  h e te ro g e n e o u s
po lym ers th e  fo llo w in g  r e l a t i o n s h ip  a p p l ie s
[r t f  =  0 . 9)
w here N^ i s  th e  number o f polym er m o lecu le s  s p e c ie s  i  h av in g  m o le c u la r  
w eig h t and M i s  th e  v i s c o s i t y  a v e ra g e  m o le c u la r  w e ig h t.
L im itin g  V is c o s i ty  Number and M o lecu la r S iz e  arid Shape o f  Polym er
Polym er m o lecu le s  in  s o lu t io n  g e n e r a l ly  have a random c o i l  
co n fo rm a tio n  w hich h as  been  th e  o b je c t  o f  num erous t h e o r e t i c a l  
in v e s t ig a t io n s  and v a r io u s  hydrodynam ic m odels have been  c o n s id e re d .
These th e o r i e s  o f  v i s c o s i t y  have been  m a in ly  concerned  w ith  th e  
e s t im a t io n  o f c h a in  co n fo rm a tio n , in v o lv in g  an a n a ly s i s  o f  th e  
hydrodynam ic p r o p e r t i e s  o f  th e  polym er in  s o lu t io n .
E in s te in  showed t h a t  th e  v i s c o s i t y  was n o t d e te rm in e d
s o le ly  by th e  a c tu a l  d im ensions o f th e  m acro m o lecu le , b u t depended 
on i t s  e f f e c t i v e  volume occu p ied  in  s o lu t io n  a s  shown by
nsp = 2 -5*2 = ° - 025c C7-10)
Here c i s  th e  c o n c e n tra t io n  ( g / d l ) ,  r  th e  r a d iu s  o f  th e  hydrodynam ic 
sp h ere  e q u iv a le n t  to  a polym er m o le c u le , N A vogadro! s num ber, and 
<{>2 th e  volume f r a c t io n  o f  po lym er. In  t h i s  r e l a t i o n s h ip  th e  v a lu e  
o f  r  i s  n o t  q u a n t i t a t i v e l y  d e f in e d .
Two f a c t o r s  w ere found to  be r e s p o n s ib le  f o r  v is c Q s i ty  dependence 
on th e  d im ensions o f  th e  polym er m o le c u le s  in  s o lu t io n .  The m acro - 
m o le c u la r  c o i l  cou ld  be n o n - s p h e r ic a l  and perm eab le  to  th e  s o lv e n t ,  
and th e  e f f e c t iv e  volum e o ccu p ied  by th e  m acro m o lecu la r c o i l  i s  
g r e a t e r  th a n  th a t  o f  th e  m acrom olecule i t s e l f .  The s i z e  o f th e  random 
c o i l  i s  u s u a l ly  c h a r a c te r i s e d  by th e  ro o t-m e a n -sq u a re  e n d - to -e n d
2 kd is ta n c e  o f th e  m acrom olecu lar c h a in , (<L >) , o r  by th e  ro o t-m e a n -s q u a re
d is ta n c e  o f  th e  c h a in  u n i t s  from  th e  c e n t r e  o f  g r a v i ty  o f  th e  polym er 
2 l .
m o le c u le , C<S > )2. T h is  l a t t e r  q u a n t i ty  i s  c a l l e d  th e  " r a d iu s  o f  
g y ra t io n "  o f  th e  polym er m o le c u le .
Kirkwood and Riseman c o n s id e re d  a  random c o i l  model
w ith  h in d e re d  in t e r n a l  r o t a t i o n  w hich  le a d s  to  th e  fo llo w in g  
e q u a tio n
Cn3 = O r/6 )3 /2 tN/100)XFCX)(<L2> )3 /2 /M C 7 .l l ) .
w here X = C6w3) _1 /2 x ? /n o (<L2» 1 /2  C7.12)
Here F(X) i s  a  fu n c t io n  o f  X, v a lu e s  f o r  w hich have been  ta b u la te d  
by th e  a u th o rs  f o r  v a r io u s  v a lu e s  o f  th e  Mark-Houwink exponent a ,  
and e s s e n t i a l l y  d e te rm in e s  th e  hydrodynam ic i n t e r a c t i o n  w i th in  th e  
polym er c o i l ,  i t  app ro ach es  a s  a sy m p to tic  l i m i t  w ith  in c re a s in g  
s o lv e n t im m o b iliz a tio n  w ith in  th e  m o le c u le . The LVN i s  in  d l / g  and
£ i s  th e  f r i c t i o n a l  c o e f f i c i e n t  f o r  th e  polym er c h a in  u n i t .
(127) .F lo ry  and Fox have p ro v id ed  an im proved e q u a tio n  which.
has  been  rem ark ab ly  s a t i s f a c t o r y .  Here th e  LVN i s  r e l a t e d  to  th e
cube o f  th e  l i n e a r  d im ension  o f th e  polym er c o i l  a s  fo llo w s
M  = *C<L2> )3 /2 /M C7.13)
w here $ i s  a  u n iv e r s a l  v i s c o s i t y  c o n s ta n t  f o r  a l l  po lym ers and h a s  
21a v a lu e  o f  2 .1x10 . They in tro d u c e d  a  l i n e a r  ex p an sio n  f a c t o r ,
a ,  a r i s i n g  from  "volum e e x c lu s io n "  i n t e r a c t i o n  betw een re m o te ly
co n n ec ted  c h a in  u n i t s ,  w hich i s  a m easure o f  th e  d e v ia t io n  o f  th e
' .  2 1 2 c o i l  d im ensions from  th o se  in  a 0 - s o lv e n t .  Both. C<L > )2 and (<S >)
2 I 2 1may be r e l a t e d  to  t h e i r  u n p e rtu rb e d  v a lu e s  C<Lo> )2 and G>Sq> ) 2 , by 
th e  f a c t o r  a ,  so t h a t  Eq. 7 .13  can be w r i t t e n  in  th e  form
w here K1 i s  a  c o n s ta n t  f o r  a g iv en  polym er and i s  e x p e c te d  to  be in d ep en ­
d e n t o f  s o lv e n t  and m o le c u la r  w e ig h t. In  a s o - c a l l e d  " t h e t a  s o lv e n t"  th e  
v a lu e  o f  a i s  e q u a l to  u n i ty  and th e  c o rre sp o n d in g  te m p e ra tu re  a t  w hich 
t h i s  h o ld s  i s  c a l le d  th e  " th e t a  te m p e ra tu re " . At T = 0 " lo n g  ran g e"  e f f e c t s  
a r i s i n g  from  i n t e r a c t i o n  w ith  o th e r  segm ents and s w e ll in g  o f  th e  c h a in  by 
so lv e n t-p o ly m e r i n t e r a c t i o n  a re  b o th  a b s e n t .  We can th e n  w r i te  th e  fo llo w in g
r e l a t i o n s h ip .  ,
[ n ] Q = KfM5
V is c o s i ty  and S o lu tio n  C onform ation  S tu d ie s  f o r  C e l lu lo s e  D e r iv a t iv e s
The e f f e c t  o f  sh e a r  r a t e  on LVN f o r  c e l lu lo s e  d e r iv a t iv e s  has
been c o n s id e re d  by a number o f  w orkers and was found  to  be n e g l ig ib l e
f o r  low er m o le c u la r  w e ig h ts ,  so t h a t  a c o r r e c t io n  was n o t  r e q u i r e d .
Immergut e t  a l * f r o m  t h e i r  m easurem ents o f  th e  s h e a r  dependence
o f  th e  LVN o f  c e l lu lo s e  n i t r a t e s  in  a c e to n e  concluded  t h a t  above
DP = 1000 (M = 300 ,000) th e  sh e a r  r a t e  dependence becomes c o n s id e ra b le .
(128}R u s s e ll  showed t h a t  th e  v i s c o s i t y  o f  c e l l u lo s e  a c e ta t e  in  a  w ide
range  o f  s o lv e n ts  w ith in  th e  c o n c e n tr a t io n  ran g e  s tu d ie d  (maximum 1 g /d l )
(129)was in d ep en d en t o f  th e  r a t e  o f  s h e a r .  T id sw e ll , u s in g  seco n d ary
c e l lu lo s e  a c e ta t e  s o lu t io n s  w ith  c o n c e n tra t io n s  l e s s  th a n  0 .4  g / d l ,  
found s h e a r  e f f e c t s  to  be n e g l ig ib l e  f o r  m o le c u la r  w e ig h ts  below  
350,000 (DP = 1421). Thus f o r  c e l lu lo s e  d e r iv a t iv e s  in  g e n e ra l 
v i s c o s i t y  m easurem ents have been  made w ith o u t c o r r e c t io n  f o r  r a t e  o f  
sh e a r  dependence.
The v i s c o s i t y  number -  c o n c e n tra t io n  p lo t s  f o r  a g iv e n  ra n g e  
o f  low c o n c e n tra t io n s  o f  c e l lu lo s e  d e r iv a t iv e s  a r e  l i n e a r ,  b u t  show 
an a p p re c ia b le  upward c u rv a tu re  w ith  in c re a s in g  c h a in  le n g th  o f 
th e  po lym er. Such ty p i c a l  c u rv a tu re  h as  been  o b ta in e d  by Moore 
f o r  c e l lu lo s e  n i t r a t e  in  a number o f  s o lv e n ts  and by Simha who
suggested this resulted from aggregation and hydrodynamic interaction.
Moore and E p s te in  found f o r  c e l lu lo s e  n i t r a t e  t h a t  upward
c u rv a tu re , a ls o  in c re a s e s  w ith  s o lv e n t power o f  th e  s o lv e n t .  They
su g g es ted  th a t  th e  hydrodynam ic volume o f  a g iv en  m o le c u la r  w eig h t
polym er i s  g r e a t e r  in  th e  s o lv e n t  w hich shows g r e a t e r  c u r v a tu r e ,  and
in te r f e r e n c e  betw een th e  l a r g e r  s o lv a t in g  m o lecu le s  m igh t r e s t r i c t
th e  f le x in g  o f  c h a in s  b e lo n g in g  to  th e  s m a lle r  o n e s . Moore and 
(109)T id sw e ll . o b serv ed  upward c u rv a tu re  f o r  h ig h e r  m o le c u la r  w e ig h t 
c e l lu lo s e  a c e ta t e  in  a  number o f  s o lv e n ts ;  th e y  p roposed  t h a t  a t  low 
m o lecu la r  w e ig h ts  th e  c h a in s  may behave a s  ro d s  w ith  some f le x in g  
o r  c o i l in g  a t  h ig h e r  m o le c u la r  w e ig h ts . In tra m o le c u la r  hydrogen 
bonding betw een p rim ary  h y d ro x y l and a d ja c e n t  a c e ty l  g roups was 
th o u g h t to  le a d  to  s t i f f e n i n g  o f  th e  c h a in s  w hich p re v e n te d  o r  
h in d e re d  f le x in g .  These bonds may be b roken  by b a s ic  s o lv e n ts  th u s
p e rm it t in g  a  l e s s  ex ten d ed  c o n f ig u r a t io n .
(132 V 2 1 9 l
M andelkern. and F lo ry  have e v a lu a te d  C<Lo> )2, C<Lq£ > )2 ,
Kf , a ,  and o th e r  p a ra m e te rs  f o r  c e l l u lo s e  t r i b u t y r a t e  and t r i c a p r y l a t e
in  th r e e  d i f f e r e n t  s o lv e n ts  by m easu ring  t h e i r  LVN v a lu e s  a t  th e  0 -
te m p e ra tu re , in  c o n ju n c tio n  w ith  osmometry and l i g h t  s c a t t e r i n g
2m easurem ents. H ere i s  th e  mean sq u are  e n d - to -e n d  d is ta n c e
assum ing f r e e  r o t a t i o n  abo u t th e  e th e r  l in k a g e s  o f  th e  c h a in  and
2was o b ta in e d  from  th e  r e l a t io n s h ip  <1* = 62 .4  x DP. I t  was found
th a t  th e s e  e s t e r s  a re  o n ly  two to  th r e e  tim es  more ex ten d ed  th a n  
th e y  would be i f  r o t a t i o n  abou t th e  oxygen b r id g e s  was co m p le te ly  
u n h in d e red . C e l lu lo s e  t r i b u t y r a t e  d is p la y e d  a r a th e r  s tro n g  
dependence o f  K1 on te m p e ra tu re , w hich was n o t sh a red  by c e l lu lo s e  
t r i c a p r y l a t e .  From th e s e  f in d in g s  a f l e x i b l e  c h a in  model was 
p r e d ic te d  f o r  th e s e  e s t e r s ,  and th e  c o n c lu s io n  was a ls o  re a c h e d
t h a t  th e r e  was no b a s i s  f o r  th e  a l le g e d  r o d - l i k e  e x te n s io n  o f  th e
(133)c e l lu lo s e  c h a in . H uppenthal a ls o  s tu d ie d  th e  v i s c o s i t y  and
co n fo rm a tio n  o f  c e l lu lo s e  t r i b u t y r a t e  in  m ethy l e th y l  k e to n e  and 
t r i b u t y r i n  and found th e  f l e x i b i l i t y  o f  t h i s  polym er i s  s im i la r  
to  th e  v in y l  po lym ers .
Immergut and E i r i c h  c o n s id e re d  th e  m o le c u la r  w eig h t and
LVN o f  c e l lu lo s e  and c e l lu lo s e  d e r iv a t iv e s  and found th a t  th e  d a ta  
fo r  c e l l u l o s i c  polym ers w ith  DP > 1000 f i t t e d  F lory*  s a p p ro x im a tio n  
fo r  im p e n e tra b le  c o i l s .  W hereas DP v a lu e s  up to  a p p ro x im a te ly  
200 obey th e  r o d - l i k e  e q u a t io n ;  a f t e r  t h a t  v a lu e s  up to  400 to  
600 f i t  th e  r e l a t i o n s h ip s  f o r  th e  c o i le d  m odel. They concluded  
t h a t  c e l lu lo s e  d e r iv a t iv e  c h a in  m o lecu le s  become s t i f f e r  in  good 
s o lv e n ts ,  b u t th e  e f f e c t s  a r e  s m a lle r  th a n  th o s e  due to  th e  n a tu r e  
o f d i f f e r e n t  s u b s t i t u e n t s ;  e x c e p tio n a l  s t i f f n e s s  in  th e  c a se  o f  
c e l lu lo s e  n i t r a t e  and p ro b a b ly  a c e ta t e  was b e l ie v e d  to" o c c u r .
H o ltz e r  e t  a l .  s tu d ie d  th e  hydrodynam ic c h a ra c te r  o f
c e l lu lo s e  t r i n i t r a t e  in  a c e to n e , u s in g  v isc o m e try  and l i g h t  
s c a t t e r in g ,  and found i t  n o t to  he m o le c u la r  w eigh t dependen t o v e r 
th e  ran g e  in v e s t ig a te d  (pP^ = 250 to  9 0 00 ). T h e ir  r e s u l t s  su g g e s t 
c e l lu lo s e  t r i n i t r a t e  in  s o lu t io n  to  c o n s i s t  o f  random ly c o i le d  
c h a in s  w ith  some d eg ree  o f  s t i f f n e s s  b u t h av in g  a  n e g l ig ib l e  e x c lu d ed  
volum e e f f e c t .  A b ro a d e r  s tu d y  o f th e  m o le c u la r  c o n f ig u ra t io n  o f  
c e l lu lo s e  t r i n i t r a t e  was c a r r ie d ,  o u t. by Hunt e t  a l .  , u s in g
v a r io u s  m ethods. They con firm ed  th e  u n u su a l c h a in  s t i f f n e s s  o f  
t h i s  po lym er. T h e ir  r e s u l t s  show t h a t  i t s  c o n f ig u ra t io n  in  e th y l  
a c e ta t e  e x h ib i t s  s e v e re  d e v ia t io n s  from  random f l i g h t  s t a t i s t i c s ,  
w ith  a  r e l a t e d  d e v ia t io n  from  s p h e r ic a l  sym m etry, ov er th e  m o le c u la r  
w eig h t ran g e  40 ,000 to  575 ,000  in v e s t ig a t e d .
The effect of temperature and solvent on the LVN for cellulose
t r i a c e t a t e  and c e l lu lo s e  t r i n i t r a t e  was in v e s t ig a te d  by F lo ry  e t
a l.. C-136)  ^ The o b serv ed  d e c re a se  o f  LVN w ith  te m p e ra tu re  was a t t r i b u t e d
2to  a d e c re a se  in  th e  c h a r a c t e r i s t i c  r a t i o  <L >/M. They concludedo
t h a t  a can n o t be th e  f a c t o r  a c t in g  a s  th e  s e a t  o f  th e  s o lv e n t  e f f e c t
2on Crj] b u t i t  can  be r e l a t e d  to  changes in  th e  r a t i o  <Lq>/M o r  c h a in
f l e x i b i l i t y .  They showed c e l lu lo s e  t r i a c e t a t e  to  be c o n s id e ra b ly
more f l e x i b l e  th a n  c e l lu lo s e  t r i n i t r a t e  a s  in d ic a te d  by a h ig h e r
3v a lu e  o f  th e  m o le c u la r  e x p a n s io n , a - 1 ,  f o r  c e l lu lo s e  t r i a c e t a t e .
Shakhparonov e t  a l .  have s tu d ie d  th e  m o le c u la r  c o n f ig u ra t io n
o f c e l lu lo s e  a c e t a t e ,  w ith  d i f f e r e n t  d e g re e s  o f  a c e ty l a t i o n ,  in
m ethy lene c h lo r id e -m e th a n o l m ix tu re s . They found th a t  w ith  in c r e a s in g
a lc o h o l p e rc e n ta g e  b o th  th e  LVN and d im ensions  o f  th e  in c o m p le te ly
e s t e r i f i e d  c e l lu lo s e  p a ss  through, a minimum. In  t h i s  c a se  i t  was p rop o sed
t h a t  a lc o h o l can form  s tro n g  hydrogen  bonds w ith  c e l lu lo s e  a c e ta t e  so
a s  to  d e c re a se  th e  s k e l e t a l  r i g i d i t y  o f  th e  po lym er. T h e ir  r e s u l t s  
2 -show t h a t  (<S > )2 v a lu e s  d e c re a se  w ith  in c r e a s in g  d eg ree  o f  a c e ty la t io n  
f o r  a g iv en  m o le c u la r  w e ig h t o f  po lym er. More r e c e n t ly  Tanner and
n o o \
B erry  have m easured th e  hydrodynam ic and c o n f ig u r a t io n a l  p a ra m e te rs
fo r  c e l lu lo s e  a c e ta t e  in  te t r a h y d ro fu ra n  and t r i f l u o r o e t h a n o l . They 
concluded  t h a t  th e  la rg e  dependence o f  LVN on m o le c u la r  w e ig h t does n o t 
ap p ea r to  be r e l a t e d  to  exc luded  volum e e f f e c t s ,  b u t r a th e r  i s  d ep en d en t 
on th e  " p a r t i a l  d ra in in g "  o f  th e  c o i l .
EXPERIMENTAL
The LVN v a lu e s  o f  a la r g e  number o f  CTP sam ples in  a n a la r  
c h lo ro fo rm  ( 9 9 %  minimum p u r i ty )  w ere e y a lu a te d  a t  25°C. The m ethods
o f p r e p a r a t io n  and f r a c t i o n a t io n  o f  th e s e  sam ples have a l re a d y  been  
d e s c r ib e d  (se e  C h ap te rs  IV and V I ) . S o lu tio n s  w ere made up in  
G rade A f l a s k s ,  u s in g  CTP w hich-had  Been d r ie d  in  a vacuum oven 
a t  110°C. A f te r  a t  l e a s t  two days a g e in g  th e  s o lu t io n s  w ere 
b ro u g h t to  th e  mark a t  25°C.
An U bbelohde v isc o m e te r  w ith  a s p e c ia l ly  d e s ig n ed  c lo se d  sy stem  
was em ployed f o r  v i s c o s i t y  m easurem ents. T h is  system  was used  in  
o rd e r  to  av o id  e v a p o ra tio n  o r  any c o n ta m in a tio n  o f  th e  s o lv e n t  and 
f a c i l i t a t e d  th e  e x p e rim e n ta l p ro c e d u re , i t  c o n s is te d  o f  two s i l i c a  
g e l d ry in g  tu b e s ,  two s o lv e n t t r a p s ,  and a head c a r ry in g  PTFE ta p s  
as  shown in  F ig u re  7 .2 .  S o lv en t t r a p s  c o n ta in e d  g la s s  wool m o is ten ed  
w ith  ch lo ro fo rm  a t  th e  e x p e rim e n ta l te m p e ra tu re  and each  was co n n ec ted  
betw een th e  d ry in g  tu b e s  and th e  v isc o m e te r  h ead .
The v isc o m e te r  was f i r s t  c le a n e d  by so ak in g  in  chrom ic a c id  
s o lu t io n ,  w ashing  s e v e ra l  tim es  w ith, d i s t i l l e d  w a te r  fo llo w ed  by 
a c e to n e , and f i n a l l y  d r ie d  by p a s s in g  d ry  f i l t e r e d  a i r  th ro u g h  i t .
The v is c o m e te r  was h e ld  in  a s p e c ia l  h o ld e r  (Townson and M ercer L td J  
d e s ig n ed  to  keep th e  v isc o m e te r  in  v e r t i c a l  a lig n m e n t. I t  was th e n  
suspended in  a w a te r  b a th  a t  25?C ( c o n t r o l le d  to  ±0.01°C ) from  a 
l e v e l l e d  p la tfo rm , so t h a t  b u lb  E (F ig u re  7 .1 )  was f u l l y  immersed 
in  th e  w a te r .
A m easured volume (u s u a lly  10 m l) o f  polym er s o lu t io n  was 
in tro d u c e d  in to  b u lb  A o f  th e  v isc o m e te r  (both , a t  b a th , te m p e ra tu re )  
u s in g  a  Grade A p i p e t t e .  In  o rd e r  to  av o id  any c a p i l l a r y  b lo c k in g  
a l l  l i q u id s  u se d , e i t h e r  fo r  w ashing o r  a c tu a l  e x p e rim e n t, w ere 
f i l t e r e d  u s in g  a  N o.3 f i l t e r - s t i c k .  A b lo w -h u lb  was u sed  to  p u sh  
th e  s o lu t io n  up v ia  th e  c a p i l l a r y  in to  b u lb s  D and E , w ith  ta p s  2 
and 4 c lo se d  and 1 and 3 open, u n t i l  more th a n  h a l f  o f  b u lb  E was
Ubbelohde v isc o m e te r  w ith , s p e c ia l  head
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f i l l e d .  Taps 2 and 4 w ere th e n  opened and th e  s o lu t io n  a llow ed  to  
f a l l  when th e  tim e o f flow  o f  th e  suspended l i q u id  betw een th e  two 
m arks above and below  b u lb  D was m easured .
A f u l l y  wound s to p -w a tc h  re a d in g  to  0 .0 1  seconds was employed 
and a t  l e a s t  th r e e  c o n s e c u t iv e  flo w  tim e s  w ere m easured , w hich  
ag ree d  to  w ith in  ±0.05 se c o n d s , and th e  mean v a lu e  c a l c u la te d .  
M easurem ents w ere c a r r i e d  o u t f o r  low er polym er c o n c e n tr a t io n s  
o b ta in e d  by su c c e s s iv e  a d d i t io n  o f  c h lo ro fo rm  ( u s u a l ly  5 ml each, tim e) 
to  th e  b u lb  A. S o lv en t was th o ro u g h ly  mixed w ith , th e  s o lu t io n  by 
b u b b lin g  a i r ,  s a tu r a te d  w ith , s o lv e n t ,  th ro u g h  ta p  1 w h ile  t a p s  2 and 
4 w ere c lo se d  and ta p  3 was open . A ll m easurem ents w ere c a r r i e d  o u t 
under th e  same c o n d it io n s  and u s in g  v is c o m e te rs  w ith , s im i la r  s o lv e n t  
flow  tim e s .
RESULTS AND DISCUSSION
The c o n c lu s io n  to  be drawn from  th e  in f lu e n c e  o f  s h e a r  r a t e  on
LVN o f  c e l lu lo s e  d e r iv a t iv e s ,  w i th  th e  ev id en ce  f o r  th e  m o le c u la r
c o n f ig u ra t io n  o f  c e l lu lo s e  t r i a c e t a t e  and. c e l lu lo s e  t r i b u t y r a t e  in
s o lu t io n ,  i s  t h a t  s h e a r  r a t e  e f f e c t s  w ith in  th e  in v e s t ig a te d  ran g e
o f LVN and CTP c o n c e n tra t io n  a r e  n e g l ig ib l e .  T h e re fo re  sh e a r  g r a d ie n t
dependence f o r  th e s e  v i s c o s i t y  m easurem ents was ig n o red  an d , on th e
(95)b a s is  o f  p re v io u s  s tu d ie s  , th e  k i n e t i c  en erg y  c o r r e c t io n  was 
a ls o  ig n o re d .
V is c o s i ty  numbers f o r  d i f f e r e n t  c o n c e n tra t io n s  o f  CTP sam ples 
in  ch lo ro fo rm  and t h e i r  LVN v a lu e s  a re  g iv e n  in  T ab les  7 ,2  and 7 .3  
f o r  th e  f r a c t io n a te d  and u n f r a c t io n a te d  polym er r e s p e c t iv e ly .
V is c o s i ty  number v e rs u s  c o n c e n tr a t io n  f o r  a l l  th e  sam ples a r e  shown 
p lo t t e d  in  F ig u re s  7 .3  and 7 .4 .
A s l i g h t  upward c u rv a tu re  was o b se rv ed  f o r  th e  p lo t s  f o r  h ig h e r  
m o le c u la r  w eig h t sam ples b u t t h i s  was n o t  a p p a re n t a t  low  c o n c e n t r a t io n s ;  
however upward c u rv a tu re  o b ta in e d  f o r  th e  two h ig h e s t  m o le c u la r  w e ig h t 
sam ples was marked even a t  c o n c e n tr a t io n s  l e s s  th a n  0 .3  g /d l  a s  shown 
in  F ig u re  7 .3 .  The l i n e a r  e x t r a p o la t io n  o f  v i s c o s i t y  number to  ze ro  
c o n c e n tr a t io n ,  in  o rd e r  to  e v a lu a te  .LVN, was th e r e f o r e  c a r r i e d  o u t 
by th e  method o f  l e a s t - s q u a r e s  f o r  a l l  sam ples e x c e p t th e s e  two and 
th e  r e s u l t s  a r e  g iven  in  T a b le s  7 .2  and 7 .3 .  Moore and E p s te in  
have o b served  upward c u rv a tu re  in  th e  c a s e  o f  c e l l u lo s e  n i t r a t e  and 
made a g ra p h ic a l  e x t r a p o la t io n  to  z e ro  c o n c e n tr a t io n .  In  th e  p r e s e n t  
work a b e t t e r  p ro ced u re  was em ployed in  w h ich  th e  d a ta  w ere exam ined 
by d i f f e r e n t  d eg ree s  o f  p o lynom ial r e g r e s s io n  to  f in d  o u t w h ich  
e q u a tio n  gave th e  b e s t  f i t .  The goodness o f  f i t ,  in  te rm s o f  th e  sum 
o f th e  sq u a re s  o f  th e  d e v ia t io n s  from  th e  r e g r e s s io n  c u rv e , f o r  a 
second d eg ree  e q u a tio n  was. c a lc u la te d  and gave v a lu e s  o f  0 .03435  
( in t e r c e p t  = 3 .687 ) in  th e  c a se  o f  sam ple F^A and 0 ,00841 ( in t e r c e p t  = 
2 .629 ) in  th e  ca se  o f  sam ple F 2 ?»A. t h i r d  d e g re e  po ly n o m ia l gave v a lu e s  
o f  0 .00110 and 0 .00000 r e s p e c t iv e ly .  S in ce  h ig h e r  d e g re e s  gave a  w orse  
f i t  th e  t h i r d  o rd e r  po lynom ial was used  to  e v a lu a te  LVN v a lu e s  f o r  
th e  two h ig h  m o lecu la r  w eigh t sam ples whose d a ta  a r e  g iv en  in  T ab le  7 .2 .
The Huggins c o n s ta n t (Eq. 7 .4 )  was c a l c u la te d  f o r  a l l  th o s e  sam ples 
w hich gave l i n e a r  p lo t s  and an av e ra g e  v a lu e  o f  0 .4 0  was o b ta in e d  w ith  
a mean d e v ia t io n  from  th e  mean o f  ± 0 ,0 3 . S lo p es  f o r  v i s c o s i t y  num ber- 
c o n c e n tra t io n  p lo t s  a r e  a ls o  ta b u la te d  f o r  th e s e  sam ples in  T a b le s  7 .2  
and 7 .3 .  These s lo p e s  a re  g e n e r a l ly  low er th a n  th o s e  o b ta in e d  f o r  
c e l lu lo s e  t r i a c e t a t e  fo r  th e  same s o lv e n t ,  te m p e ra tu re ,  and LVN v a lu e
F r i t h  ha s  su g g es ted  t h a t  th e  v i s c o s i t y  n u m b e r-c o n c e n tra tio n
s lo p e  depends on th e  p o ly m e r-so lv e n t i n t e r a c t i o n  energ y  from  w hich 
a  low er c h a in  e x te n s io n  f o r  CTP can be p r e d ic te d .
T ab le  7 .2  V is c o s ity -C o n c e n tra t io n  D ata F or F ra c t io n a te d  CTP Samples
In  c h lo ro fo rm  At 25°C
Sample C o n c e n tra tio n.(g /d l )
Flow Time 
(sec )
V is c o s i ty  Number 
( d l /g )
FjA 0
0 .5055
0 .3370
0 .2527
0 .2022
0 .1685
0 .1444
0 .1264
0 .1011
0.05055
0 .0337
68.75
289.82 
192.20 
153.08 
132.51
119.83
111.36
105.36 
97.12 
82 .33  
77.62
6 .361
5 .328
4 .854
4 .587
4 .409
4 .292
4 .213
4 .082
3 .908
3 .828
[ n l  = 3 .720
F P 2 00 .7968
0.5312
0.3984
0.3187
0.2656
0.2276
0.1992
0.1771
68.75
338.51
216.01
168.15
143.36 
128.39
118.36 
111.12 
105.71
4 .924
4 .032
3.629
3 .405
3 .266
3 .1 7 0
3 .094
3 .036
[Til = 2.634
FjP 0
0.3653
0 .2435
0 .1826
0 .1461
0 .1218
0.1044
68.75 
144.88 
115.35 
102.22
94.66
89.98
86.75
3 .031
2 .784
2 .666
2 .5 8 0
2 .535
2 .508
Slope = 
[ n l  =
2.025
2 .291
F3P 0
0 .5115
0.3836
0 .3069
0 .2558
0 .2192
0 .1918
68.75
181.91
146.70
127.90
116.32
108.58
102.78
3 .218
2 .956
2 .803
2 .705
2 .643
2 .581
Slope = 
[ n l  =
1.979
2.201
Table 7.2 (cont.)
Sample C o n c e n tra tio n( g /d l )
Flow R ate  
(.sec)
V is c o s i ty  Number 
C dl/g )
F2A
F .P4
F3A
F, A 4
0 68.75 -
0 .4466 . 149.02 2 .614
0.2978 117.49 2 .381
0.2233 103.71 2 .277
0.1787 95.98- 2 .216
0.1489 90.96 2 .1 7 0
0.1276 87.51 2 .138
0 68.75 ■ —
0.6850 192.18 2 .621
0 .5137 153.38 2 .396
0 .4110 132.72 2 .264
0.3425 120.06 2 .179
0.2936 111.61 2 .123
0.2569 105.51 2 .081
0 68.75 —
0 .6709 164.58 2 .078
0.5032 135.34 1.925
0.4026 119.68 1 .840
0 .3355 109.78 1.779
0 .2875 103.13 1.739
0 68.75 —
1 .000 134.65 0 .9585
0 .6667 109.31 0.8849
0 .5000 97.95 0.8495
0 .4000 91.56 0.8295
0 .3334 87.52 0.8189
0 .2857 84.64 0 .8090
S lope
M
1.482
1.948
S lope
[nl
1.265
1 .750
S lope
[nl
0 .8840
1 .483
S lope
Ihl
0 .2095
0 .7471
T ab le  7 .3  V is c o s ity -C o n c e n tra t io n  D ata F o r U n f ra c tio n a te d  CTP Samples 
In  C h loroform  At 25°C
R efe ren ce  
T ab le  f o r  
Sample
C o n c e n tra tio n
( g /d l ) (sec )
0 68.75
0 .3245 133.84
0 .2433 114.72
0 .1947 104.32
0 .1622 97.64
0 .1391 93.09
Flow Time V is c o s i ty  Number 
( d l /g )
4 .5
2 .918
2 .748
2 .657
2 .591
2 .545
S lope
[ n l
2 .004
2 .266
Table 7.3 (cont.)
R eferen ce  
T ab le  f o r  
Sample
C o n c e n tra tio n
( g /d l )
Flow Time 
(se c )
V is c o s i ty  Number 
( d l /g )
4 .5 0
0 .3919
68.75
150.13 3 .020
0 .2940
0 .2352
125.79
112.61
2.822
2.712 S lope
= 1.925
0 .1960
0 .1680
104.20
98.62
2.631
2.586 i
—i Z3 i_I = 2.261
0.1470 94 .53 2.551
4 .3 0
0 .5191
68.82
165.83 2.716
0 .4153
0 .3460
141.75
127.15
2.552
2 .450 Slope
= 1 .487
0 .2966
0 .2595
117.42
110.43
2.381
2 .330
[nl = 1 .9 4 0
4 .3 0
0 .7390
68.85
212.49 2 .823
0.4927
0.3695
153.08
127.83
2 .483
2 .318 S lope
= 1 .3 5 0
0 .2956
0 .2463
114.05
105.48
2.221
2.160 Cn] = 1 .823
4 .4 0
0.5961
68 .96
176.95 2.627
0.4471
0.2751
143.60
110.51
2.421
2.190 S lope
= 1.359
0.1987
0.1555
97 .60
90.66
2 .090
2.024 [nl = 1.816
4 .1 0 68.85 —
0.7583
0.5687
220.71
171.91
2.909
2.632 S lope = 1 .452
0.4550
0.3791
145.93
130.49
2.461
2.362 [nl = 1 .806
4 .4 0 68.96 —
0.8141
0.6106
226.82
175.79
2.812
2.537 S lope
= 1 .277
0.3758
0.2714
127.04
108.63
2.241
2 .120 i—
i 
.3
 I_I = 1 .766
4 .3 0
0.6477
68.85
180.70 2 .508
0.4858
0.3886
146.02
127.49
2.307
2.192 S lope
= 1 .206
0.3239
0.2776
116.04
108.25
2.116
2.061 [nl = 1 .724
Table 7.3 (cont.)
R efe ren ce  
T ab le  f o r  
Sample
C o n c e n tra tio n
(g /d l )
Flow Time 
(s e c )
V is c o s i ty  Number 
( d l /g )
4 .3 0 68.85
0.6669 
0.5002
184.50
148.25
2.519
2.306 Slope
= 1.212
0.4001
0.3334
129.17
117.43
2 .190
2.116 M
= 1.707
4 .1 0 68 .85 —
0.7185
0.5388
190.31
152.22
2.455
2.247 Slope
= 1.129
0.4311
0.3592
131 .93
119.67
2.125
2.055 Cn3 = 1.642
0.3079 110.98 1.987
4 .3 0 68.85 —
0.6911 183.74 2.415 S lope = 1.118
0 .5183 148.01 2.218
0.4147 128.91 2.104 i—
i 
=i i_i = 1 .641
0.3456 117.12 2.029
4 .3 0 68 .85 —
0 .9808
0.6539
238.96
166.85
2.519
2.177 Slope
= 1.011
0 .4904
0 .3923
136.84
120.79
2.014
1.923
i—itr
i_
i = 1 .523
0.3269 110.67 1.858
4 .1 0 68.85 —
1 .020
0.6802
241.19
167.78
2.454
2 .112 S lope = 0 .9608
0.5102
0.4081
137.42
121.24
1.952
1.865 i—
i
& i_i = 1 .468
0.3401 110.99 1.800
4 .2 0 68 .96 _
1.077
0 .7180
250.63
173.83
2.446
2.118 Slope
= 0 .9101
0.5385
0.4308
141.72
124.04
1.959
1.854 I n i = 1 .466
0 .3590 113.38 1 .794
4 .3 0 68.85 —
0.8929
0 .5953
208.34
150.25
2.269
1.986 S lope
=’ 0 .9237
0 .4464
0 .3572
125 .90
122.43
1.856
1.772 [riD= 1.442
0.2976 104.05 1.718
Table 7.3 (cont.)
R efe re n ce  
T ab le  f o r  
Sample
C o n c e n tra tio n
( g /d l )
Flow Time 
(se c )
V is c o s i ty  Number 
( d l /g )
4 .4
4 .3
4 .4
4 .1
4 .1
4 .1
4 .2
0 68.86 -
0.7892 181.31 2.069
0.5262 136.15 1.857
0 .3946 116.54 1.755
0.3157 105.63 1.691
0.2631 98.61 1.642
0 68 .85 —
0.6759 154.49 1 .840
0.5069 128.66 1.714
0.4055 114.50 1.635
0.3379 105.56 1 .578
0 68.86 —
0 .9436 191.56 1 .888
0 .6291 141.68 1.681
0.4718 120.31 1.584
0 .3775 108.35 1.519
0 .3146 100.77 1 .473
0 68.85 ' -
0.6792 148.25 1.698
0.4528 116.60 1.532
0.3396 102.88 1.455
0.2717 95 .26 1.412
0.2264 90.56 1 .393
0 68.85 —
0.7536 141.23 1.395
0.5024 113.30 1.285
0.3768 100.71 1.228
0.3015 93.64 1.194
0 .2512 89 .24 1.179
0 68.96 —
1.009 168.92 1 .437
0.6729 129.68 1 .308
0.5047 112.34 1.246
0.4038 102.48 1 .204
0.3365 96.29 1 .178
0 68.96
1.025 162.26 1 .320
0.6836 125.48 1 .199
0.5127 109.31 1 .141
0 .4 i0 2 100.28 1 .107
0 .3418 94.52 1.084
S lope = 0 .8049 
[ p ]  = 1.434
S lope = 0 .7717 
[ n ] = 1 .320
S lope = 0 .6547 
[ p ]  = 1.271
S lope = 0.6842
[ p ]  = 1.228
S lope = 0 .4366 
[ p ]  = 1.065
S lope = 0 .3843  
[ p ]  = 1 .050
S lope = 0 ,3455  
[ p ]  = 0.9.648
Table 7.3 (cont.)
R eferen ce  
T ab le  f o r  
Sample
C o n c e n tra tio n
( g /d l )
Flow Time 
(se c )
V is c o s i ty  Number 
( d l /g )
4 .1 0 68.96 -
0.9869
0.6578
140.36
113.19
1.049
0 .9750 S lope
= 0.1978
0.4934
0.3947
101.25
94.26
0.9491
0 .9295 i—
i 
.d i_i = 0.8510
0.3289 89 .77 0 .9175
0.2819 86.61 0 .9078
4 .1 0 68.75 -
1.042
0 .6948
151.01
118.63
1.148
1 .044 S lope
= 0.2895
0.5211
0.4169
104.39
96 .41
0 .9948
0 .9 6 5 0 M
= 0.8449
0.3474 91.39 0 .9479
4 .1 0 68.96 — .
1.086
0.8387
133.60
116.60
0 .8631
0 .8237 S lope = 0 .1514
0.6290
0.5032
103.24
95.92
0 .7903
0 .7769 Cnl
= 0.6978
4 .1 0 68.85 -
1.108
0.5540
127.72
95.08
0 .7717
0.6877 S lope
= 0.1512
0 .3694
0 .2770
85 .60
81 .20
0.6586
0 .6476 i—
i
jd i_i = 0 .6040
0 .2216 78.57 0 .6371
4 .1 0 68.75 —
0.7259
0.4839
94 .40
85.11
0 .5 1 4 0
0 .4918 S lope
= 0.07177
0.3629
0.2904
80 .90
78.39
0 .4 8 7 0
0 .4828 Cnl = 0.4605
* 0 68.75 —
1.029
0.6857
93.22
84.51
0 .3459
0 .3343 S lope
= 0.03063
0.5143
0.4114
80.38
77.98
0 .3289
0 .3263 [ n l = 0 .3139
0.3429 76.42 0 .3254
4 .2 0 68.96 —
1.020
0.6802
84.88
79.28
0 .2263
0 .2 2 0 0 S lope
= 0.01762
0.5102
0.4081
76.59
75.02
0 .2169
0 .2153
i—ic
i_i = 0 .2082
0.3401 73.99 0 .2145
* The method o f p r e p a ra t io n  f o r  t h i s  sam ple h as  been  g iv e n  in  C h ap te r V.
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CHAPTER V I I I  
DETERMINATION OF MOLECULAR WEIGHT 
BY OSMOMETRY AND PARAMETERS RELATING TO 
L IM IT IN G  V ISC O S IT Y  NUMBER-MOLECULAR 
WEIGHT RELATIONSHIP FOR CELLULOSE 
TRIPROPRIONATE
INTRODUCTION
Basis of Osmometry
When a polym er i s  d is s o lv e d  in  a s o lv e n t th e  chem ica l p o t e n t i a l ,  
and c o n se q u e n tly  th e  therm odynam ic a c t i v i t y ,  o f  th e  s o lv e n t  i s  de­
c re a se d . T h e re fo re  i f  a c o n ta in e r  i s  d iv id e d  in to  s o lu t io n  and s o lv e n t  
com partm ents by a  membrane perm eab le  to  th e  s o lv e n t  b u t n o t to  th e  
s o lu te  (se m ip e rm e a b le ) , th e n  owing to  th e  chem ica l p o t e n t i a l  d i f f e r e n c e  
th e re  w i l l  be a n e t  flo w  o f  s o lv e n t in to  th e  s o lu t io n .  T h is  flo w  can 
be reduced  to  z e ro  by a p p ly in g  a p r e s s u re  on th e  s o lu t io n  s id e  w hich 
i s  th e  o sm o tic  p r e s s u r e  o f  th e  s o lu t io n .  The a b s o lu te  num ber-average  
m o le c u la r  w eig h t o f  a polym er can be d e te rm in ed  by m easu rin g  th e  
o sm otic  p r e s s u r e  o f  a s u f f i c i e n t l y  d i l u t e  s o lu t io n  o f  th e  polym er so 
t h a t  i t  behaves i d e a i l y .
The r e l a t i v e  s e n s i t i v i t e s  o f  o sm o tic  p r e s s u re  and o th e r  c o l l i g a t i v e  
p ro p e r ty  m easurem ents have been  com pared, a t  i n f i n i t e  d i l u t i o n ,
f o r  d i f f e r e n t  polym er m o le c u la r  w e ig h ts  in  b en zen e . The r e s u l t s  show 
t h a t  a 0.001°C  e l e v a t io n  in  th e  b o i l in g  p o in t  co rre sp o n d s  ro u g h ly  to  
a 10 g/cm^ osm o tic  p r e s s u re  th u s  in d ic a t in g  th e  s u p e r io r  s e n s i t i v i t y  
o f  th e  o sm otic  p r e s s u r e  m ethod, and th e  p r e s s u re  can  e a s i l y  be m easured  
to  ± 0 .0 1  g/cm ^. In  p r a c t i c e  th e  o sm o tic  p r e s s u r e  can  o f te n  be 
m easured to  b e t t e r  th a n  ± 0 .005  g/cm ^.
I t  sh o u ld  be  m entioned  t h a t  vapour p re s s u re  osmometry i s
commonly used  f o r  low m o le c u la r  w eig h t sam ples. T h is  s o - c a l l e d  
’'osmometry11 i s  b ased  on th e  d i f f e r e n c e  in  vapour p r e s s u r e  betw een 
a s o lv e n t  and i t s  d i l u t e  polym er s o lu t io n .  The s o lv e n t  and s o lu t io n  
a re  p la c e d  in  a th e rm o s ta t te d  chamber w hich i s  s a tu r a te d  w ith  s o lv e n t  
v ap o u r. The c o n d e n sa tio n  o f  s o lv e n t vapour i n to  th e  s o lu t io n  in c r e a s e s  
i t s  te m p e ra tu re  in  p ro p o r t io n  to  th e  number o f  m oles o f  polym er in  
th e  s o lu t io n .  The m o le c u la r  w eigh t and th e  e q u iv a le n t  o sm o tic  p r e s s u r e
may be o b ta in e d  u s in g  a c a l i b r a t i o n  m ethod. However t h i s  te c h n iq u e  
i s  n o t in v o lv ed  in  th e  p r e s e n t  w ork.
Theory o f  Osm otic P re s s u re
The o sm o tic  p r e s s u re  (H) o f  a s o lu t io n  i s  d e f in e d  a s  th e  p r e s s u re  
r e q u ir e d  to  e q u a l iz e  th e  chem ica l p o t e n t i a l s  o f  s o lv e n t in  b o th  th e  
s o lu t io n  and p u re  s o lv e n t .  The d i f f e r e n c e  betw een th e  ch em ica l 
p o t e n t i a l s  i s  e x p re s se d  by
Ayx = HVX = -  RTlna1 (8 .1 )
where i s  th e  p a r t i a l  m o lar volume o f  th e  s o lv e n t  w hich  f o r  a 
d i l u t e  s o lu t io n  m ay.be re p la c e d  by th e  m o lar volume o f  th e  p u re  
s o lv e n t ,  a^ th e  a c t i v i t y  o f  th e  s o lv e n t ,  R th e  gas c o n s ta n t ,  and T 
th e  a b s o lu te  te m p e ra tu re . In  s u f f i c i e n t l y  d i l u t e  s o lu t io n s ,  
a^ ^  = 1 -  N2 , w here and N2 a r e  th e  mole f r a c t i o n s  o f  s o lv e n t
and s o lu te  r e s p e c t iv e ly .  S ince  i s  v e ry  n e a r  to  u n i ty ,  and f o r  a 
c o n c e n tra t io n ,  c ,  o f  w eig h t p e r  u n i t  volume we have
-  ln a 1 ^  -  lnN1 = -  ln ( l - N 2> = N2 ^  c ^ /M  (8 .2 )
Thus we can w r i te
lim (I l/c )  = RT/M C8 . 3 )
C-H)
w hich i s  th e  v a n ’ t  H off e q u a tio n  f o r  o sm o tic  p r e s s u r e .
For a  m o le c u la r ly  h e tro g en o u s  s o lu te  N2 r e p r e s e n ts  th e  sum o f  
th e  mole f r a c t io n s  o f  a l l  s o lu te  s p e c ie s  from  w h ich  th e  e f f e c t i v e
molecular weight, M, can be evaluated as follows
c .
(8.4)
1
and (8 .5 )
Here N.^ , c ^ , Mu, and n^ a r e  r e s p e c t iv e l y  th e  mole f r a c t i o n ,  
c o n c e n tr a t io n ,  m o le c u la r  w e ig h t,a n d  number o f  m o lecu le s  o f  th e  i ^
l
s p e c ie s ,  w h ile  th e  v a lu e  o b ta in e d  f o r  M i s  th e  num ber-average m ole­
c u la r  w e ig h t.
Owing to  p o s s ib le  p o ly m e r-so lv e n t i n t e r a c t i o n  and th e  la rg e  
m o le c u la r  s iz e  d i f f e r e n c e  betw een s o lu te  and s o lv e n t  m o lecu les  in  
s o lu t io n ,  polym er s o lu t io n s  can n o t be  c o n s id e re d  a s  i d e a l .  The 
s o lu t io n  n o n - id e a l i t y  i s  s t r o n g ly  dependen t on polym er c o n c e n tr a t io n  
and v a n * t H o fff s e q u a tio n  i s  o n ly  v a l id  a t  i n f i n i t e  d i l u t i o n .  T here­
f o r  in  p r a c t i c e  th e  red u ced  o sm o tic  p r e s s u r e ,  n/c, i s  m easured f o r  
f i n i t e  c o n c e n tr a t io n s  and th e n  e x t r a p o la te d  to  ze ro  c o n c e n tr a t io n .
The v a n f t  H off e q u a tio n  r e l a t i n g  n/c and c can be ex p re sse d  in  
v a r io u s  v i r i a l  expanded form s as  fo llo w s
1 2 n/c = RTij^ b^c+AgC +....]] (8 .6)
n/c = (n/c)[i+r2c+r3c2+....] (8 .7 )
c-*o
n/c = RT/M + Be + Cc2 + (.8 . 8)
The p a ra m e te rs  A^, ^  and B a re  th e  second and A^> F^, and C th e
t h i r d  v i r i a l  c o e f f i c i e n t s ,  r e s p e c t iv e ly .  T h e ir  m ag n itu d es  depend 
on th e  n a tu re  o f th e  s o lv e n t ,  d eg ree  o f  s o lv a t io n ,  and th e  c o n f ig u ra t io n  
o f  th e  polym er c h a in  in  s o lu t io n .  The Eq. 8 .6  can  be  compared w ith  th e  
H u g g in s-F lo ry  e x p re s s io n  w hich g iv e s  a t h e o r e t i c a l  b a s i s  f o r  A2 and 
(E qs. 5 .1 6 a  & 5 .1 6 b ) .  I t  h as  a l re a d y  been  shown t h a t  A2 i s  dependen t 
on th e  polym er m o le c u la r  w eig h t (Eq. 5 .1 8 ) .  The t h i r d  v i r i a l  c o e f f i c i e n t  
h as been  e x p re s se d  in  term s o f  th e  second v i r i a l  c o e f f i c i e n t ,  making
c e r t a i n  a ssu m p tio n s . F or exam ple F lo ry  and K rigbaum  eq u a ted
2 . .r 3 to  gT3 by ap p ro x im atin g  th e  polym er m o le c u le s  to  n o n - in t e r p e n e t r a t in g
sp h e re s  w ith  g e q u a l to  5 /8 .
(144)O ro fm o  and F lo ry  have r e l a t e d  A2 a p p ro x im a te ly  to  th e
ex p an sio n  f a c t o r ,  a ,  by
2 3 / 2  1167rN(<S >) , ri .TT2 , 2A2 = ----- 3y2 2 -------  l n [ l + j - ( a  - 1 ) J  C8.9)
3 H
where 6^ (<S2>)^ = (<L2>)* C8.10)
The te rm s g iv en  in  th e  r e l a t io n s h ip s  have been  e x p la in e d  in  th e  
p re v io u s  c h a p te r .  Here th e  sym bol, ir , h as  i t s  u s u a l  m a th em a tic a l 
m eaning.
Ogawa e t  a l .  have c o n s id e re d  th e  dependence o f  T^  on
m o le c u la r  w e ig h t. They su g g es ted  a m ethod u s in g  a s in g le  o sm o tic
p re s s u re  m easurem ent, p ro v id ed  T2 i s  p r e v io u s ly  d e te rm in e d , f o r  th e  
d e te rm in a tio n  o f  num ber-average m o le c u la r  w e ig h ts  u s in g  th e  
r e l a t io n s h ip
(n/c)^ = (Rt / m )^ ( i+ r0c /2 )  C8.i i)n z
They found t h i s  method to  be a p p l ic a b le  f o r  com m ercial p o ly m ers .
Methods of Osmotic Pressure Measurement
The b a s ic  sy stem  used  f o r  m easu rin g  th e  o sm o tic  p r e s s u re  i s  
i l l u s t r a t e d  d ia g ra m a t ic a l ly  in  F ig u re  8 .1 .  T h is  c o n s i s t s  o f  a  cham ber 
d iv id e d  by a sem iperm eable membrane in to  two com partm ents c o n ta in in g  
s o lv e n t  and s o lu t io n .  The n e t  t r a n s f e r  o f  s o lv e n t  th ro u g h  th e  
membrane i s  d e te c te d  by th e  d i f f e r e n c e  in  l i q u i d  l e v e l  f o r  two id e n t ic a l  
c a p i l l a r i e s  w hich a r e  s e p a r a te ly  co n n ec ted  to  eac h  com partm ent.
O sm otic
P re s s u re
:: Membrane
S o lu tio n S o lv e n t
F ig ,  8 .1  A T y p ic a l Osmometer
In  g e n e ra l th e  o sm o tic  p r e s s u r e  can  b e  d e te rm in e d  by e i t h e r  
a  s t a t i c  o r  dynamic m ethod. In  th e  s t a t i c  o r  e q u i l ib r iu m  method 
th e  s o lv e n t  i s  p e rm itte d  to  flow  th rough , th e  membrane u n t i l  o sm o tic  
e q u i l ib r iu m  i s  e s t a b l i s h e d ,  when th e  o sm o tic  h ead  due to  th e  t r a n s ­
f e r r e d  s o lv e n t  i s  m easured . T h is  method i s  c o m p a ra tiv e ly  s im p le  
b u t  u s u a l ly  ta k e s  a  lo n g  tim e , a l th o u g h  i t  can  be  sh o rte n e d  by 
p r e a d ju s t in g  th e  p r e s s u re  c lo s e  to  th e  e x p e c te d  e q u i l ib r iu m  v a lu e .  
B ecause o f  th e  lo n g  d u ra t io n  o f  eac h  m easurem ent th e r e  a re  p o s s i b i l i t i e s  
o f  a d s o rp t io n  o f  polym er on th e  membrane, d i f f u s i o n  o f  low m o le c u la r
w eig h t po lym ers th ro u g h  th e  membrane, e v a p o ra tio n  o f  s o lv e n t  from  
c a p i l l a r i e s ,  and d e g ra d a tio n  o f  th e  po lym er. Zimm f H e l l f r i z
, and P in n e r  and S ta b in  have d e s c r ib e d  o s m o m e t e r s  w hich
have been  d ev eloped  f o r  t h i s  method o f  m easurem ent.
In  th e  dynamic method th e  r a t e  o f  flow  o f  s o lv e n t  th ro u g h  th e  
membrane i s  m easured a s  a  fu n c t io n  o f  e x te r n a l  p r e s s u r e ,  e x t r a p o la t io n  
to  ze ro  r a t e  g iv in g  th e  e q u i l ib r iu m  osm otic  p r e s s u r e .  T h is  method may 
be p r e f e r r e d  b ecau se  o f  th e  ad v an tag e  o f  q u ic k n e ss  o f  m easurem ent, 
o sm otic  p r e s s u re  m easurem ents made on th e  b a s i s  o f  t h i s  method have 
been d e s c r ib e d  by Meyer and B o isso n as  9 Rowe and more
r e c e n t ly  by B russ and S tro s s  .
Types o f  Osmometer
More th a n  f o r t y  ty p e s  o f  osmometer have been  d e s ig n e d  f o r  
d i f f e r e n t  e x p e r im e n ta l c o n d i t io n s  b u t none o f  them  i s  o f  u n iv e r s a l  
a p p l i c a b i l i t y .  Most o f  th e s e  osm om eters can be c l a s s i f i e d  e i t h e r  
a c c o rd in g  to  th e  d e s ig n  o f  s o lu t io n  c e l l  and p o s i t i o n in g  o f  th e  
membrane.
Osmometers in  la b o ra to r y  u se  can be c l a s s i f i e d  m a in ly  in to  
th e  im m ersion and b lo c k - ty p e s .  In  th e  im m ersio n -ty p e  th e
e s s e n t i a l  p a r t  o f  th e  osmometer i s  a s o lu t io n  chamber w hich  i s  
co nnec ted  to  a c a p i l l a r y  and has th e  membrane a s  a w a l l .  T h is  
cham ber, to g e th e r  w ith  a m atched c a p i l l a r y ,  i s  d ip p ed  in to  a  s o lv e n t
v e s s e l  so t h a t  th e  membrane i s  c o m p le te ly  subm erged.
/ 0 3  153)
B lo ck -ty p e  osm om eters 9 a re  more b u lk y  b u t have r e l a t i v e l y  
sm all l iq u id  volum es w ith  th e  membrane clam ped betw een two c h a n n e lle d  
m e ta l b lo c k s . The s o lv e n t  and s o lu t io n  c a p i l l a r i e s  a r e  jo in e d  to  th e  
c h an n e ls  e i t h e r  s id e  o f  th e  membrane.
R ece n tly  e l e c t r o n i c  se rv o -m ech an ised  osm om eters, o r  z e ro - f lo w  
ty p e s ,  have come in to  u s e . In  th e s e  osm om eters s o lv e n t  shows no 
n e t t  flow  th ro u g h  th e  membrane and th e  o sm o tic  p r e s s u re  i s  b a la n c e d  
a g a in s t  an a d ju s ta b le  e x te r n a l  p r e s s u r e .  Any s o lv e n t f lo w  i s  d e te c te d  
by a t r a n s d u c e r  co n n ec ted  to  a th i n  p la t in iu m  d iaphragm , o r  by fo llo w in g  
th e  movement o f  an a i r  b u b b le  in  a c a p i l l a r y  by means o f  an o p t i c a l  
system . The o sm o tic  p r e s s u r e  i s  a u to m a tic a l ly  b a la n c e d  by means o f  
an e le c tro -m e c h a n ic a l  se rv o  mechanism and can be m easured in  a v e ry  
s h o r t  tim e .
Staverm an h as  s t r e s s e d  t h a t  o n ly  a t r u e  num ber-average
m o lecu la r  w eigh t i s  o b ta in e d  from  osm otic  p r e s s u re  when no s o lu te  
perm eates th ro u g h  th e  membrane. T h is  e s p e c i a l l y  a p p l ie s  to  m o le c u la r ly  
h e te ro g en o u s  polym ers w here m ost o s m o tic a l ly  m easured m o le c u la r  w e ig h ts  
a re  to o  h ig h . He c a l le d  th e s e  th e  " r e f le c t io n - a v e r a g e ” m o le c u la r  
w e ig h ts  in  w hich th e  sm all m o lecu le s  a re  coun ted  l e s s  th a n  th e  
la r g e  o n es . A ccord ing  to  Staverm an e t  a l  9 Tung 9 and
B russ an o sm o tic  p r e s s u re  m easurem ent shou ld  be made a s  soon
as p o s s ib le  a f t e r  p la c in g  th e  s o lu t io n  in  th e  osm om eter. F u r th e r ,  
e x t r a p o la t io n  o f  th e  p r e s s u r e  to  ze ro  tim e  g iv e s  v a lu e s  re a s o n a b ly  
c lo s e  to  th e  t r u e  o sm o tic  p re s s u re  o f  th e  s t a r t i n g  s o lu t io n .  The 
advan tage  o f th e  a u to m a tic  membrane osmometer f o r  sam ples w hich 
may p o s s ib ly  perm eate  th e  membrane can be r e a l i z e d  from  th e s e  c o n c lu s io n s ,  
a v a lu e  f o r  th e  m o le c u la r  w e ig h t o b ta in e d  in  t h i s  way sh o u ld  be  v e ry  
c lo s e  to  th e  t r u e  v a lu e .
Membranes
The s e le c t io n  o f  a s u i t a b le  membrane i s  o f  th e  u tm o st im p o rtan ce  
in  osmometry. An id e a l  sem iperm eable membrane m ust n o t  be s o lu b le  
in  th e  so lv e n t o r  r e a c t  w ith  i t ,  b u t i t  sh o u ld  be re a s o n a b ly  p erm eab le
to  s o lv e n t  f o r  r a p id  m easurem ent w h ile  b e in g  im perm eable to  polym er 
m o le c u le s . The s t a b i l i t y  o f  th e  membrane i s  a l s o  im p o r ta n t . Mem­
b ra n e s  m ust re a c h  a s w e llin g  e q u i l ib r iu m  in  th e  w orking  s o lv e n t 
in  o rd e r  to  g iv e  re p ro d u c ib le  r e s u l t s .
A lthough  n o n -s w e lla b le  in o rg a n ic  membraneis have been em ployed 
(158) osmometry th e  s w e lla b le  c o l lo id  ty p e  membrane i s  more commonly 
u sed . The m ost w id e ly  used  membranes nowadays a r e  made o f  c e l l u lo s e  
and a  f u l l  ran g e  o f  s e l e c t i v i t i e s ,  b ased  on p o re  s i z e ,  i s  a v a i l a b l e .  
Masson and M e lv i l le  have d e s c r ib e d  th e  p r e p a r a t io n  o f  membranes
from  b a c t e r i a l  c e l l u lo s e .
Many w orkers  have u sed  membranes o f  d e n i t r a t e d  n i t r o c e l l u l o s e ,
b u t th e y  w ere found to  be l e s s  u n ifo rm  and more perm eab le  th a n  C e llo p h an e . 
P o ly v in y l a lc o h o l membranes have a ls o  been  used  w ith  r e l a t i v e l y
low m o le c u la r  w eig h t po ly m ers . More r e c e n t ly  S t r a z i e l l e  and D ick  
employed c e l lu lo s e  a c e ta t e  membranes and found them to  be im perm eable 
to  m o le c u la r  w e ig h ts  around 1000 in  fa v o u ra b le  c a s e s .
Osmometry U sing C e llu lo s e  D e r iv a t iv e s
H ere th e  te c h n iq u e  o f osmometry h as  been  w id e ly  used  f o r  d e te rm in in g  
m o le c u la r  w eigh t o r  s tu d y in g  th e  so lv e n t-p o ly m e r  i n t e r a c t io n  c o n d i t io n s  
in  s o lu t io n .  No p a r t i c u l a r  d i f f i c u l t y  h as  been  e n co u n te red  in  th e s e  
m easurem ents and p lo t s  o f n/c v e rs u s  c f o r  d i l u t e  s o lu t io n s  o f  c e l l u lo s e  
d e r iv a t iv e s  have been shown to  be l i n e a r  w ith in  e x p e r im e n ta l e r r o r .
P h i l ip p  and B jo rk  employed b o th  s t a t i c  and dynamic m ethods
f o r  m easuring  th e  o sm otic  p r e s s u re  o f  a la rg e  number o f  c e l l u lo s e  
a c e ta t e  f r a c t io n s  in  a c e to n e . They found  a l i n e a r  r e l a t i o n s h i p  betw een  
n/c and c in  w hich th e  s lo p e  ten d ed  to  d e c re a se  w ith  m o le c u la r  w e ig h t. 
T y p ic a l l i n e a r  p lo t s  have been found f o r  c e l l u lo s e  t r i a c e t a t e
in  m ethy lene c h lo r id e  and in  a c e to n e  and f o r  c e l l u lo s e  n i t r a t e  
in  m ethy l k e to n e s  and a lk y l  a c e t a t e s .
EXPERIMENTAL
M echrolab Model 502 Osmometer
T h is  h ig h -sp e e d  membrane osmometer i s  m a n u fa c tu red  by th e  
H ew le tt-P a ck a rd  Company o f  A vondale, P e n n s y lv a n ia . I t  f e a tu r e s  a 
n u l l - b a la n c e  s e rv o -o p e ra te d  mechanism w h ich , by  means o f  an o p t i c a l  
d e te c to r  sy stem , can  m easure th e  o sm o tic  p r e s s u r e  w ith  a r e p e a t  
a c c u ra c y  o f  ± 0 .0 2  cm o f  s o lv e n t o v e r a  working, ra n g e  o f  20 cm. A 
p h o to g rap h  o f  t h i s  in s tru m e n t i s  shown in  F ig u re  8 .2 .
The osmometer c o n s i s t s  o f  th e  th r e e  m ajo r p a r t s :  h e a t in g  b lo c k  
assem b ly , e l e v a to r  assem bly ,, and th e  e l e c t r o n i c s  o r  c o n t ro l  u n i t .
The h e a t in g  b lo c k  assem bly  i s  equ ipped  w ith  an i n t e g r a l  te m p e ra tu re  
c o n t r o l l e r  e n a b lin g  m easurem ents to  be c a r r i e d  o u t o v e r a  te m p e ra tu re  
ran g e  from  am bient to  130°C. T h is  p a r t  c o n s i s t s  o f  a sam ple chamber 
co v er f o r  th e  s ip h o n  v a lv e  ( f o r  ad d ing  s o l u t i o n ) , two rem ovable 
s o lv e n t and s o lu t io n  clam ps w ith  a membrane b e tw een , g la s s  c a p i l l a r y  
c o n ta in in g  a tra p p e d  a i r  b u b b le , and a p h o to e le c t r i c  d e te c to r  system , 
a l l  o f  w hich a re  su rrounded  by p o ly u re th a n e  foam to  s t a b i l i z e  th e  
te m p e ra tu re . The top  end o f  th e  g la s s  c a p i l l a r y  i s  jo in e d  (T e flo n  g a sk e t)  
to  th e  low er s o lv e n t clamp and th e  o th e r  end co n n ec ted  to  a s o lv e n t 
r e s e r v io r  w hich i s  f ix e d  to  a  s e rv o -o p e ra te d  screw  system . The 
p h o to e le c t r ic  system  c o n s is te d  o f a d e t e c to r  p h o to c e l l ,  a r e f e r e n c e  
p h o to c e l l ,  and a l i g h t  beam w hich i s  fo c u sse d  on th e  c a p i l l a r y .
The p h o to c e l l  d e te c ts  th e  l i g h t  t r a n s m i t te d  th ro u g h  th e  m eniscus
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o f  th e  a i r  b u b b le  and a c t iv a t e s  th e  se rv o  m echanism , w hich keeps 
th e  s o lv e n t r e s e r v o i r  ( s o lv e n t  cup) a t  th e  n u l l  p o in t  (o sm o tic  
e q u i l ib r iu m ) . A d iag ram  showing th e s e  d e t a i l s  i s  g iv e n  in  F ig u re  
8 .4 .  Any osm o tic  flo w  due to  th e  chem ica l p o t e n t i a l  d i f f e r e n c e ,  
c re a te d  a c ro s s  th e  membrane by in t r o d u c t io n  o f  s o lu t io n ,  i s  c o u n te r ­
b a lan ced  on th e  s o lv e n t  s id e  by th e  servo  m echanism. The e le v a to r  
assem bly  th u s  moves up o r  down to  c o u n te ra c t  any b u b b le  movement 
and th e  h y d r o s ta t i c  head r e q u ire d  to  p re v e n t osm otic flo w  can  be 
re a d  to  ± 0 .0 1  cm.
The c o n t ro l  u n i t  la y o u t i s  shown 
d ia g ra m m a tic a lly  in  F ig u re  8 .3 .  The -------------------------------
r e f e r e n c e ,  and d e t e c to r .  The
d e te c to r  s e t t i n g  i s  used  f o r  a lig n m en t o f  r e f e r e n c e  and m ain 
p h o to c e l l  d e t e c to r s .
5 . M icroam meter c o n tin u o u s ly  in d ic a te s  o u tp u t o f  p h o to c e l l  to  
f a c i l i t a t e  a lig n m en t p ro c e d u re .
6. O n /o ff sw itc h  f o r  r e c o rd e r  (n o t used  in  p r e s e n t  w ork ).
10
key to  th e  d iag ram  i s  g iv en  as
fo llo w s
1. Sw itch  f o r  b u b b le  c o n t ro l  a t  upper
5
o r low er m en iscu s .
2 . O n /o ff sw itc h  f o r  c o n t ro l  u n i t . 7
3. Gain c o n t ro l  u sed  to  a c t i v a t e
system  and r e g u la te  se rv o -m o to r
t h a t  d r iv e s  s o lv e n t e le v a to r o o
<$9
screw .
4 . S e le c to r  s w itc h  w ith  p o s i t io n s F ig .  8 .3
f o r  ru n , norm al o p e ra t io n , C o n tro l U n it D iagram
Servo Motor A m p lif ie r
S o lv e n tE le v a to r
Bubble
S o lv en t
R e se rv o ir Light
SourceO p tic a l
D e te c to r
F ig .  8 .4 Schem atic r e p r e s e n ta t io n  o f h ig h -sp e e d  au to m atic  
membrane osmometer used
7. Range a d ju s tm e n t o f  s ig n a l  o u tp u t  to  r e c o r d e r .
8. Zero a d ju s tm e n t o f  r e f e r e n c e  v o l ta g e  to  r e c o r d e r .
9 . O n /o ff  sw itc h  f o r  sam ple cham ber te m p e ra tu re  c o n t ro l  c i r c u i t .
10. V a r ia b le  te m p e ra tu re  c o n t r o l l e r  f o r  th e rm o s ta t t in g  sam ple cham ber.
Membrane C o n d itio n in g  and P r e p a r a t io n  o f  S o lu tio n s
A S c h le ic h e r -S c h u e l l  g e l c e l lo p h a n e  membrane ( ty p e  0 -8 ) h av in g  
a d ia m e te r  o f  50 mm and s u p p lie d  in  a  25% aqueous s o lu t io n  o f  p ro p an o l 
was employed f o r  th e  p r e s e n t  w ork. In  o rd e r  to  c o n v e r t th e  membrane 
f o r  use  in  th e  w orking s o lv e n t ,  i t  had to  be c o n d it io n e d . The membrane 
was f i r s t  r in s e d  w ith  d i s t i l l e d  w a te r ,  and th e n  s u c c e s s iv e ly  soaked 
in  each  o f  th e  fo llo w in g  s o lv e n ts  f o r  a t  l e a s t  4 h o u rs :
1. 50-50 s o lu t io n  o f  w a te r - is o p ro p a n o l
2 . iso p ro p a n o l
3. 50-50 s o lu t io n  o f iso p ro p a n o l- tQ lu e n e
4 . to lu e n e
5 . ch lo ro fo rm
F in a l ly  th e  membrane was c u t to  th e  r e q u ir e d  s iz e  o f  42 mm d ia m e te r .
S o lu tio n s  w ere made up o f  v a r io u s  c o n c e n tra t io n s  o f  CTP in  A n a la r 
c h lo ro fo rm , f o r  w hich th e  CTP sam ples w ere f i r s t  d r ie d  in  a  vacuum oven 
a t  110°C. The method o f  f r a c t i o n a t io n  to  p re p a re  th e s e  sam ples h as  
a l re a d y  been g iv en  in  C hap ter V I. S o lu tio n s  w ere made a t  25°C and aged 
f o r  th r e e  days b e fo re  m easu rin g  t h e i r  o sm o tic  p r e s s u r e s .
S e t t in g  up th e  Osmometer arid M easurem ent o f  O sm otic P re s s u re
The c a p i l l a r y  was f i r s t  removed and c le a n e d , th e n  i t  was re p la c e d  
and a d ju s te d  to  o b ta in  th e  maximum re sp o n se  from  th e  o p t i c a l  sy stem .
The system  from th e  s o lv e n t  cup to  a few mm above th e  low er s o lv e n t
clamp was f i l l e d  w ith  c h lo ro fo rm . A s h o r t  le n g th  a i r  b u b b le  ( l e s s  
th a n  1 .5  cm) was in tro d u c e d  by g e n t ly  ta p p in g  an a p p ro p r ia te  H am ilton 
m ic ro sy r in g e  in s e r t e d  in to  th e  to p  o f  th e  c a p i l l a r y .  For t h i s  th e  
s o lv e n t  cup was k e p t in  th e  bo ttom  e l e v a to r  p o s i t i o n  w ith  s u c tio n  
a p p l ie d  by means o f a ru b b e r b u lb .
The c o n d itio n e d  membrane and to p  clamp w ere i n s t a l l e d ,  th e  
s o lv e n t in tro d u c e d  in to  th e  sam ple s ta c k  and th e  s o lv e n t cup was 
ru n  to  th e  to p  o f th e  e l e v a to r .  The b u b b le  to o k  ab o u t 15 m in u tes  
to  move up to  th e  c o n t ro l  p o s i t i o n ,  a t  w hich  p o in t  th e  e le v a to r  
s t a r t e d  to  o s c i l l a t e  a u to m a tic a l ly .  The s o lv e n t  in  th e  sam ple 
s ta c k  was th e n  brought to  i t s  g ra d u a t io n  m ark by ru n n in g  s o lv e n t 
th ro u g h  th e  syphon V alve w hich was th e n  c lo s e d .
Some i n i t i a l  t r o u b le  was found due to  le a k s  from  th e  j o i n t s  
a t  e i t h e r  end o f  th e  c a p i l l a r y .  T h is  cau sed  th e  bub b le  to  grow 
and i n t e r f e r e  w i th  th e  m easurem ents. T hese f a u l t s  w ere f i n a l l y  
overcome by u s in g  a s p e c ia l  T e flo n  g a s k e t a t  th e  to p  o f  th e  
c a p i l l a r y  and w rapping  th e  low er end w ith  a s p e c ia l  ta p e .
A lthough  a f t e r  th r e e  h o u rs  c o n t r o l l i n g  a s te a d y  re a d in g  
( to  ± 0 .0 1 )  was o b ta in e d  f o r  s o lv e n t  a lo n e ,  th e  in s tru m e n t was l e f t  
o v e rn ig h t i n  o rd e r  to  c o n d it io n  th e  system  and make s u re  no le a k in g  
to o k  p la c e .  The s o lv e n t  was th e n  re p la c e d  by f r e s h  s o lv e n t a s  b e f o r e ,  
and once a g a in  a s ta b le  re a d in g  c lo s e  to  th e  f i r s t  one was o b ta in e d .  
R eplacem ent o f  th e  s o lv e n t by s u c c e s s iv e ly  in c re a s in g  c o n c e n tra t io n s  
o f  a s ta n d a rd  m o lecu la r  w eigh t p o ly s ty re n e  (M^ = 96 ,200  s u p p lie d  by 
W aters A s s o c ia te s  L td) in  ch lo ro fo rm  was th e n  c a r r i e d  o u t and th e  
m o le c u la r  w eig h t m easured . The v a lu e  o b ta in e d  ag reed  w ith in  1% o f 
th e  s ta n d a rd  v a lu e . The same p ro c e d u re  was th e n  re p e a te d  f o r  each  
o f  th e  c e l lu lo s e  t r ip r o p io n a te  sam ples in  ch lo ro fo rm .
A s ta b l e  r e a d in g  was u s u a l ly  found e i t h e r  f o r  s o lv e n t o r  polym er 
s o lu t io n  a f t e r  ab o u t seven  m in u te s , in  each  c a se  th e  o sm o tic  head 
b e in g  m easured a f t e r  3 , 7 , 15 and 30 m in u tes  to  see  when c o n s i s te n t  
re a d in g s  w ere o b ta in e d .  I f  th e y  w ere n o t c lo s e  to  each, o th e r  th e  
m easurem ent was r e p e a te d  w ith  a f r e s h  s o lu t io n  u n t i l  a  c o n s ta n t  o sm otic  
head was o b ta in e d  a f t e r  7 m in u te s , and t h i s  v a lu e  f o r  h  was th e n  used  
f o r  m o le c u la r  w eig h t c a l c u la t io n .
The s o lu t io n  c e l l  was th e rm o s ta t te d  a t  25°C to  ± 0 .1 Q and th e  
s o lv e n t in  th e  e l e v a to r  column was a t  th e  room te m p e ra tu re  o f  21 .5 -'22 .5 °C . 
The e f f e c t  o f  v a r i a t i o n  in  room te m p e ra tu re  on th e  d e n s i ty  o f  ch lo ro fo rm  
a t  25°C was n e g l ig ib l e  (d e n s i ty  o f  ch lo ro fo rm  changed 0.7% f o r  a 
te m p e ra tu re  change o f  10°C ).
RESULTS
D e te rm in a tio n  o f M olecu lar W eight f o r  CTP Samples
The o sm o tic  head (h) and reduced  o sm o tic  head  (h /c )  o b ta in e d  f o r  
d i f f e r e n t  c o n c e n tr a t io n s  o f  CTP sam ples a re  g iv e n  in  T ab le  8 ,1 .  The 
reduced  o sm o tic  head a g a in s t  c o n c e n tr a t io n  i s  shown p lo t t e d  f o r  a l l  
sam ples in  F ig u re  8 .5 .  S lopes and i n t e r c e p t s  f o r  th e s e  p l o t s ,  c a lc u la te d  
u s in g  th e  l e a s t - s q u a r e s  m ethod, a re  a ls o  g iv en  in  T ab le  8 .1 .
M o lecu la r w e ig h ts  were c a lc u la te d  from  th e  red u ced  o sm o tic  head  
a t  i n f i n i t e  d i l u t i o n  on th e  b a s is  i f  Eq. 8 .3  and u s in g  a v a lu e  o f  
R = 0 .8205  d l a tm o sp h ere /d eg . mole and 1 .474  g/m l f o r  th e  d e n s i ty  o f  
c h lo ro fo rm  a t  25°C we have th e  r e l a t io n s h ip s
(h /c )x l .4 7 4
/TT/ v c-K> 0 .8205x298.15  ,
( ll /c )  "  76 .0x13 .596  ----------- S------------- d l .a tm /g
c -K> n
from  w hich we o b ta in  th e  w orking r e l a t i o n s h i p :
-  1 .7 1 5 x l0 5M . = ----n
c-K)
Here th e  polym er s o lu t io n  c o n c e n tr a t io n  (c) i s  in  g /d l  and th e  o sm o tic  
head i s  m easured in  cm .of c h lo ro fo rm . M o lecu la r w e ig h ts  c a lc u la te d  
from  th e  d a ta  in  T ab le  8 .1  a r e  shown in  T ab le  8 .2 .
E v a lu a tio n  o f  Mark-Houwink C o n s tan ts  f o r  CTP iri C hloroform
The Mark-Houwink c o n s ta n ts ,  d is c u s s e d  in  th e  p re v io u s  c h a p te r ,
w ere o b ta in e d  f o r  CTP sam ples in  ch lo ro fo rm  a t  25PC from  th e  r e s p e c t iv e
doub le  lo g a r i th m ic  p lo t s  o f LVN v e rs u s  number and w e ig h t-a v e ra g e  m o le c u la r
w e ig h ts . The c o rre sp o n d in g  d a ta  a re  g iv e n  in  T ab le  8 .2 .  The M /MW IX
r a t i o s  o b ta in e d  by GPC f o r  th o se  sam ples whose GPC v a lu e s  f o r  Mn
ag reed  w ith  th o s e  o b ta in e d  by osmometry (a s  e x p la in e d  in  th e  n e x t 
c h a p te r )  w ere used  fo r  c a l c u la t io n  o f  w e ig h t-a v e ra g e  m o le c u la r  w e ig h ts .
The lo g a r i th m ic  p lo t s  o f  LVN v e rs u s  m o le c u la r  w eig h t a re  shown 
in  F ig u re  8 .6 ;  s lo p e s  and in t e r c e p t s  w ere c a lc u la te d  by th e  l e a s t -  
sq u a re s  m ethod. D erived  v a lu e s  o f  th e  Mark-Houwink c o n s ta n ts  f o r  
num ber-average m o le c u la r  w e ig h ts  w ere th e n  used  to  c a lc u la te d  'M 
v a lu e s  from  v i s c o s i t y  d a ta  f o r  a l l  th e  u n f r a c t io n a te d  CTP sam p les .
E s tim a tio n  o f  Chain D im ensional P a ra m e te rs  f o r  D i f f e r e n t  M o lecu la r 
W eight CTP Samples in  C hloroform
In  th e  p re v io u s  c h a p te r  th e  te rm s used  to  d e s c r ib e  th e  m o le c u la r  
co n fo rm a tio n  in  s o lu t io n  w ere e x p la in e d , and th e s e  a re  shown c a lc u la te d  
f o r  d i f f e r e n t  CTP f r a c t io n s  in  T ab le  8 .3 .  Second v i r i a l  c o e f f i c i e n t s ,  
o b ta in e d  from  th e  s lo p e s  o f  h /c  v e rs u s  c w ere o b ta in e d  u s in g  th e  r e l a t i o n s h i p
T ab le  8 . 
At 25°C
1 Osm otic P re s s u re  D ata For CTP Samples In  C hloroform
Concen. Sample Osm otic Reduced Osm oticSample (g /d l )
P re s s u re  
Head (cm) Head (cm) Head (c m .d l/g )
Fi A 0 16.961 1.603 22.39 5 .4 3 3.387 (h /c )  = 0 .4406
1.215 2 0 . 2 1 3 .25 2.675 c-*o
0.8206 18.58 1 .62 1.974
0.6073 17 .90 0 .9 4 1.548 s lo p e  = 1 .841
0.4007 17 .43 0 .4 7 1.173
F0P 0 17.22 — —
2 1.394 21.87 4 .6 5 3.336 (h /c )  = 0 .6351
0.8608 19.18 1 .96 2.277 c-*o
0.4304 17.85 0 .6 3 1.464
0.2788 17.55 0 .3 3 1.184 s lo p e  = 1 .930
F0A 0 16.88 — —L 1.306 21.35 4 .4 7 3 .423 (h /c )  = 0 .8693
0.8736 19.15 2 .2 7 2 .598 c-*o
0.4368 17.63 0 .7 5 1.717
0.2612 17.24 0 .3 6 1 .378 s lo p e  = 1 .963
FqA 0 16.82 — — ■3 1.029 2 0 . 0 1 ‘ 3 .19 3 .100 (h /c )  = 1 . 1 2 0
0.7112 18 .60 1 .78 2 .503 C -H )
0.5016 17.88 1 . 0 6 2 .113
0.3556 17.46 0 .6 4 1 .800 s lo p e  = 1 .935
0.2057 17.13 0 .3 1 1.507
F,A 0 16.96 — —4 0.8361 20 .52 3 .56 4 .258 (h /c )  = 2 .382
0.5508 18.97 2 . 0 1 3.649 C -K )
0.3985 18.28 1 .32 3.312
0.3344 18 .00 1 .04 3 .110 s lo p e  = 2 .262
0.1377 17.33 0 .3 7 2.687
T ab le  8 .2  M olecu lar W eight And LVN For CTP Samples In  C hloroform  
W ith D erived  Mark-Houwink E q u a tio n s  At 25°C
Sample Mn Mw
LVN
FXA 389,200 513,700 3.720
FoP •270,000 - 2.634
f 2a 197,300 250,600 1.948
f 3a 153,100 179,100 1.483
F4 A .............. 72,000 82 ,800 0.7471
cn] = l .e g x io - 5 ^ ) 0 -956 Cn3 = 3 .6 3 x 1 0 -5 (M )0 .$ 7 7w
4 .0
3 .4
to 2.8
Bo
0
• r l4J
§01 O
1.0
0 .4
0 .4 0 . 80 1.2 1 .6
C o n c e n tra tio n  ( g /d l )
F ig .  8 .5  R e la t io n sh ip  betw een  reduced  o sm o tic  head  and c o n c e n tr a t io n  f o r  CTP 
sam ples in  ch lo ro fo rm  a t  25°C
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. s l o p e x l .474x100 , „ co -3  n , 2
2 76x13.596x0.8205x298.15  "  s lo Pe x 0 *5831x lQ m l.m o le /g
The ro o t-m e a n -sq u a re  e n d - to -e n d  d is ta n c e  was e v a lu a te d  from  E q.: 7 .13
u s in g  a v a lu e  o f  $ = 2 x 1 0 ^ 1 , f o r  co m p ara tiv e  p u rp o se s , and w hich  h as
p re v io u s ly  been  employed f o r  c e l l u lo s e  d e r iv a t iv e s .  The
ex p an sio n  f a c t o r  was c a lc u la te d  from  th e  second v i r i a l  c o e f f i c i e n t
(Eq. 8 .9  and 8 .1 0 ) and Kf from  Eq. 7 .1 4 .
The in f lu e n c e  o f  s t e r i c  h in d ra n c e  on th e  d im ensions o f  CTP
2 2 1was c o n s id e re d  by c a l c u la t in g  th e  r a t i o  (<Lo>/<;Lo^ > )2 , w h ich  i s
2 . . .d e f in e d  by a .  The v a lu e  o f  was d e r iv e d  from  th e  r e l a t i o n s h ip
used  by M andelkern and F lo ry ,  a s  d is c u s s e d  in  th e  p re v io u s  c h a p te r .
T ab le  8 .3  M o lecu la r C onform ation  P a ra m e te rs  F or CTP Samples In  
C hloroform  At 25°C
Sample A2 x l0 3(m l.m o le /g^ )
(< l 2 > ) " 2
(&)
a K 'x lO 3(m l/g) a
Ft A 1 .07 898 1 .36 237 2 .44
f 2a 1 .14 577 1 .3 8 167 2 .17
f 3a 1 .1 3 484 1 .3 8 144 2 . 0 6
F4 A 1.32 300 1 .4 2 97 .2 1 .81
DISCUSSION
I t  was m entioned  p re v io u s ly  t h a t  th e  hydrodynam ic c h a r a c te r  
o f  c e l lu lo s e  d e r iv a t iv e s  i s ,  in  g e n e r a l ,s t r o n g ly  dependent on th e  
n a tu re  o f  th e  s o lv e n t .  In  th e  p r e s e n t  s tu d y  th e  exponent a in  th e  
Mark-Houwink e q u a tio n  o b ta in e d  f o r  CTP in  c h lo ro fo rm  i s  r e l a t i v e l y  
h ig h , w hich i l l u s t r a t e s  a c o n s id e ra b le  c h a in  e x te n s io n  f o r  t h i s  
polym er in  c h lo ro fo rm . V alues o f  1 .0 2 , 1 .0 ,  and 0 .9 5  f o r  a have
been r e p o r te d  (165 ,166 ,167 ) c e l l u lo s e  t r i a c e t a t e  in  ch lo ro fo rm  
a t  25°C w hich a re  c o m p a ra tiv e ly  h ig h e r  th a n  th e  p r e s e n t  v a lu e  f o r  
CTP. T h is  may be ta k en  as e v id en ce  f o r  a h ig h e r  c h a in  f l e x i b i l i t y  
o f CTP. Such a  com parison  co u ld  n o t  be made w ith  c e l lu lo s e  t r i b u t y r a t e  
s in c e  i t s  a v a lu e  in  ch lo ro fo rm  i s  n o t a v a i l a b l e .
The m easured second v i r i a l  c o e f f i c i e n t s ,  w hich depend on th e  
exc lu d ed  volum es o f  th e  c h a in s  and a l s o  on th e  r e l a t i v e  e x te n t  o f  
p o ly m e r-so lv e n t i n t e r a c t i o n ,  t e n d . to  d e c re a se  w ith  in c re a s in g  m o le c u la r  
w e ig h t f o r  CTP (T ab le  8 .3 ) .  They a re  a ls o  s l i g h t l y  h ig h e r  th a n  c o rre sp o n d in g  
second v i r i a l  c o e f f i c i e n t s  f o r  c e l l u lo s e  t r i a c e t a t e  in  c h lo ro fo rm  (136 ,110 )^  
S in ce  th e  m agnitude o f th e  ex p an sio n  f a c t o r s  found f o r  CTP (T ab le  8 .3 )  a re  
h ig h e r  th a n  t h a t  f o r  c e l lu lo s e  t r i a c e t a t e  (under th e  same c o n d i t i o n s ) , 
t h i s  in d i c a te s  t h a t  th e  excluded  volume e f f e c t s  and p o ly m e r-so lv e n t 
i n t e r a c t i o n  a p p a re n tly  c o n t r ib u te  more to  th e  c h a in  e x te n s io n  in  th e  c a se  
o f  CTP. T h is  i s  r e f l e c t e d  by i t s  g r e a t e r  c h a in  f l e x i b i l i t y  and i s  in
c o n t r a s t  to  s t i f f e r  c e l l u l o s i c  polym er c h a in s ,  such  a s  c e l lu lo s e
. . . . 3 .t r i n i t r a t e ,  w here th e  c o n t r ib u t io n  o f  a i s  n e g l ig ib l e  compared w ith
th a t  o f  <L^>/M. o
T ab le  8 .3  shows th e  v a lu e  o f  K* to  in c re a s e  w ith  m o le c u la r  w e ig h t 
2showing th e  r a t i o  <Lq>/M to  be m o le c u la r  w e ig h t d ep en d en t. T h is  s u g g e s ts
th a t  th e  c h a in  f l e x i b i l i t y  changes w ith  c h a in  le n g th .  The dependence o f  
2<L >/M on m o le c u la r  w eig h t a ls o  h as  been  o b se rv ed  f o r  c e l lu lo s e  t r i n i t r a t e  o
( 1 ^ ^ ,  b u t f o r  c e l lu lo s e  t r i c a p r o a t e  th e  r e v e r s e  o rd e r  was o b se rv e d .
I t  h as  n o t so f a r  been  in v e s t ig a te d  f o r  c e l lu lo s e  t r i a c e t a t e  and t r i b u t y r a t e
2in  s o lv e n ts  w ith  a h ig h  s o lv e n t power such as  c h lo ro fo rm . V alues o f  <L >/Mo
f o r  c e l lu lo s e  t r i a c e t a t e  have been  shown to  be s o lv e n t d e p e n d e n t.
I t  sh o u ld  be k e p t in  mind th a t  f o r  th e  e v a lu a t io n  o f  Kf , b a sed  
on th e  approach  o f  F lo ry  and Fox, $ i s  assumed to  be a u n iv e r s a l  c o n s ta n t
and i t s  r e p o r te d  v a lu e s  f o r  d i f f e r e n t  p o ly m e r-so lv e n t system s a re  
n e a r ly  c o n s ta n t ,  w ith in  e x p e r im e n ta l e r r o r .  W hereas a c c o rd in g  to  
Yamakawa and o th e r  a u th o rs  i t  i s  t h e o r e t i c a l l y  c o n s ta n t  o n ly
when th e r e  i s  a la rg e  i n t e r a c t i o n  betw een  c h a in  segm ents to  g iv e  r i g i d  
s p h e r ic a l  m o lecu le s  w hich a r e  n o n - f r e e  d r a in in g .  Hunt e t  a l .  
have e v a lu a te d  $ f o r  d i f f e r e n t  m o le c u la r  w e ig h t c e l l u lo s e  t r i n i t r a t e s  
and found i t  to  depend on m o le c u la r  w e ig h t . T h is  showed t h a t  th e  c o i l  
p e rm e a b il i ty  o f  c e l lu lo s e  t r i n i t r a t e  v a r ie d  w ith  m o le c u la r  w e ig h t, 
b u t  on t h e o r e t i c a l  grounds t h i s  e f f e c t  sh o u ld  be  a m inor o n e , and 
n e g l ig ib l e  f o r  a  f l e x i b l e  po lym er. Krigbaum and S p e r l in g  have
found $ f o r  c e l lu lo s e  t r i c a p r o a t e  to  be m o le c u la r  w e ig h t dependen t 
owing to  i t s  b u lk in e s s  and s k e l e t a l  s o lv e n t  i n t e r a c t i o n .  Thus th e  
a p p a re n t m o le c u la r  w e ig h t dependence o f  Kf f o r  CTP may be p a r t l y  due 
to  changes in  $ a l s o .
2  2  -The v a lu e s  o b ta in e d  fo r  th e  r a t i o  (<L >/<L _>)2 su g g e s t a low
o  o f
e f f e c t  due to  s t e r i c  h in d ra n c e  f o r  CTP b u t w hich in c re a s e s  w ith
2 2  -m o le c u la r  w e ig h t. On th e  o th e r  hand th e  r a t i o  (<L >/<L _>)2 c a lc u la te d
o f
f o r  CTP v a r ie d  from  2 .6  to  3 .3  and th e s e  two r a t i o s  to g e th e r  p ro v id e  
e v id en ce  f o r  a  f l e x i b l e  r a th e r  th a n  a r i g i d  r o d - l i k e  CTP c h a in . F in a l ly  
th e  c o n c lu s io n  can be drawn t h a t  CTP i s  n o t  a  f u l l y  f l e x i b l e  po lym er, 
b u t  i t s  f l e x i b i l i t y  i s  e x p ec ted  to  be h ig h e r  th a n  c e l lu lo s e  t r i a c e t a t e  
and low er th a n  c e l lu lo s e  t r i b u t y r a t e .
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INTRODUCTION
Basis of GPC Technique
The m ost r e c e n t  te c h n iq u e  fo r  polym er f r a c t i o n a t io n  and m o le c u la r  
w eigh t d e te rm in a tio n  i s  g e l perm eatio n  ch rom atography  (GPC) , o r  g e l  
f i l t r a t i o n ,  in  w hich polym ers in  s o lu t io n  a r e  s e p a ra te d  ac c o rd in g  to  
t h e i r  m o le c u la r  s i z e s .  The p r in c i p l e  o f GPC was f i r s t  d em o n stra ted  by th e  
f r a c t i o n a t i o n  o f s e v e ra l  n o n - io n ic  polym ers on c h a rc o a l  in  1944. L a t e r ,  
in  1964, Moore p rep a red  v e r s a t i l e  c r o s s l in k e d  p o ly s ty re n e  g e l s
c o v e rin g  a w ide ra n g e  o f p o r o s i t i e s  and by u s in g  th e se  he s e p a ra te d  two 
narrow  d i s t r i b u t i o n  p o ly s ty re n e s  hav ing  m o lecu la r  w eigh t o f  82 ,000  and 
267 ,000 . T h is  te c h n iq u e  was r a p id ly  developed  and s in c e  th e n  i t  h a s  
r e v o lu t io n is e d  polym er c h a r a c te r i s a t io n .
GPC h a s  two m ajo r a d v an tag es  • a v e ry  q u ic k  method fo r
d e te rm in in g  th e  m o le c u la r  w eigh t d i s t r i b u t i o n ,  in  th e  ca se  o f  u s in g  a 
s in g le  column system  a sam ple can  be ru n  in  one h o u r , and o n ly  a  v e ry  
sm a ll amount of sam ple i s  r e q u ir e d .
The s e p a r a t io n  o f a polym er in  GPC ta k e s  p la c e  in  a column w hich  i s  
packed w ith  p a r t i c l e s  ( f r e q u e n t ly  a c ro s s l in k e d  polym er) c o n ta in in g  p o re s  
of v a r io u s  d ia m e te rs .  The colum n i s  f i l l e d  w ith  a  s o lv e n t w hich p e rm e a te s  
b o th  th e  p o re s  and th e  column v o id  sp aces . A low  c o n c e n tr a t io n  o f polym er 
in  th e  same s o lv e n t i s  in tro d u c e d  in to  th e  head of th e  column and s o lv e n t  
i s  c o n t in u o u s ly  p assed  th ro u g h  th e  colum n.
(172)The s e p a ra t io n  o c c u rs  due to  th e  d i f f e r e n t  s iz e s  of th e  s o lu te ,
in  s o lu t io n ,  s in c e  f o r  a g iven  p o re  s iz e  of th e  g e l  la rg e  m o le c u le s  a r e  
u n ab le  to  perm eate  in to  th e  p o re s  and w i l l  spend l e s s  tim e  in  th e  colum n 
th u s  e l u t in g  f i r s t .  C o n v e rse ly , sm all polym er m o lecu le s  can  go f r e e l y  i n to  
th e  p o res  and w i l l  be te m p o ra r ily  tra p p e d  w ith in  th e  g e l  m a t r ix ,  b u t a r e  
e lu te d  l a t e r .
T h e o rie s  o f th e  Mechanism o f th e  S e p a ra tio n  P ro cess
A number o f assum ptions have been  made to  d e s c r ib e  th e  GPC s e p a r a t io n  
mechanism b ased  on v a r io u s  m o d e ls , b u t no one th e o ry  o f GPC f u l l y  d e s c r ib e s  
th e  s e p a ra t io n  p ro c e s s .  Three d i f f e r e n t  b road  app ro ach es  have been  m a d e ^ ^ ’ " ^ ^
w hich a re  b ased  on s t e r i c  e x c lu s io n  th e o r i e s ,  r e s t r i c t e d  d i f f u s io n  t h e o r i e s ,
o r therm odynam ic t h e o r i e s ,  r e s p e c t iv e l y .
The s t e r i c  e x c lu s io n  mechanism  in  g e n e ra l i s  more a c c e p ta b le  th a n  th e
o th e r  tw o. T h is  s e p a r a t io n  th e o ry  p o s tu la te s  t h a t  th e  g e l p a r t i c l e s  c o n ta in
a d i s t r i b u t i o n  o f  po re  s iz e s  and sm all m o lecu le s  can  f in d  a g r e a t e r  number
o f  p o re s  to  e n te r  th a n  th e  l a r g e  m o le c u le s . T here i s  a l s o  th e  assu m p tio n
th a t  th e  tim e o f  m o le c u la r  d i f f u s io n  in to  and o u t o f  th e  g e l  i s  v e ry  sm all
compared to  th e  tim e th e  s o lu t io n  zone ta k e s  to  p a s s  th e  g e l p a r t i c l e s .
A d i s t r i b u t i o n  c o e f f i c i e n t ,  K . , can  th u s  be w r i t t e n  in  view  o f  th e  f a c td
t h a t  th e  p ro c e s s  would be e x p e c te d  to  be in s e n s i t iv e  to  flow  r a t e  o v e r a
wide ran g e  o f  l i n e a r  v e l o c i t i e s  and K, = V ./V ..  Here V. i s  th e  a c c e s s ib le
d i i i
p o re  volume and i s  th e  t o t a l  p o re  volum e. The r e te n t io n  (o r  e l u t io n )
volum e,V  , b f a g iv e n  s p e c ie s  becomes R
VR = Vo + Kd Vi  (9 .1 )
where V i s  th e  i n t e r s t i t i a l  volum e, o
In th e  r e s t r i c t e d  d i f f u s io n  c a s e ,  th e  mechanism o f  w hich i s  assum ed
to  be d i f f u s io n  c o n t r o l l e d ,  th e  e l u t i o n  volume shou ld  be dep en d en t on flow
r a t e  b u t g e n e ra l ly  such a dependency i s  n o t o b se rv ed . This m echanism  is  n o t
th e r e f o r e  g e n e ra l ly  a p p l ic a b le .
T here a re  s e v e r a l  th e o r i e s  w ith in  th e  therm odynam ic c a te g o ry  w hich  have
been  advanced . C asassa  h a s  c a lc u la te d  Ag f o r  th e  t r a n s f e r  o f  s o lu te
from th e  s o lv e n t in s id e  th e  p a r t i c l e s  to  th e  s o lv e n t betw een th e  p a r t i c l e s ,
which i s  a c c e s s ib le  to  a l l  m o le c u le s , in  o rd e r  to  d e te rm in e  th e  r e l a t i o n
betw een  K^, s o lu te  s i z e ,  and p o re  s i z e  fo r  v a r io u s  m odels o f  p o re  sh ap e .
GPC In s tru m e n ta tio n
A sch em atic  d iagram  o f  a ty p i c a l  com m ercial g e l p e rm e a tio n  ch rom atog raph
(171 X 76 )i s  shown in  F ig u re  9 .1 .  In  b r i e f  . * th e  a p p a ra tu s  c o n s i s t s  o f  a  pumping
system , sample s e p a ra t io n  co lum ns, r e fe re n c e  co lum ns, a d e t e c to r  and a r e c o rd e r
Heated
sample inlet p  
Glass g a g e
Heated oven
S a m ple valve
Solvent
reservoir Reference column
Sample column
Refroctometer
Syphon 
Light source  
Photo cell
Control
valves
ITT
Waste y  Fraction co llector
F ig .  9 .1 .  Schem atic r e p r e s e n ta t io n  o f  g e l  P e rm ea tio n  C hrom atogtaph
The s o lv e n t  le a v e s  th e  r e s e r v o i r ,  p a s s e s  th ro u g h  a  h e a te d  d e g a s s e r ,  
and i s  th en  pumped th ro u g h  a  f i l t e r  and s p l i t  i n to  th e  s o lv e n t  s tre a m  and 
th e  sam ple s tream . The form er c o n t in u e s  th ro u g h  th e  r e f e r e n c e  colum n and 
r e f r a c to m e te r  and f i n a l l y  p a s s e s  to  w a s te . When th e  polym er s o lu t i o n  
(1 -10  mg/ml) i s  in j e c te d  in to  th e  sam ple lo o p  (2 ml o f s o lu t io n )  th ro u g h  
a  h e a te d  sam ple i n l e t ,  th e  s o lv e n t s tre a m  p a s s in g  th ro u g h  th e  sam ple  loop  
c a r r i e s  th e  polym er s o lu t io n  in to  th e  sam ple co lum ns.
The e f f lu e n t  from  th e  sample column i s  c o l l e c t e d  i n  a  2 .5 -5  ml syphon , 
and e ac h  s o lu t io n  f r a c t io n  so c o l l e c t e d  i s  p a sse d  th ro u g h  a  p h o to c e l l  
d e t e c to r  and th e n  d is c h a rg e d  to  a  f r a c t i o n  c o l l e c t o r .  With th e  ch an g e  in  
o u tp u t o f  th e  p h o to - c e l l ,  th e  d e te c to r  im p a r ts  a  p u ls e ,  shown by  a  s h o r t  
v e r t i c a l  l i n e  on th e  r e c o rd e r  c h a r t ,  in  o rd e r  t o  p l o t  th e  e l u t i o n  volum e 
(o r  m o le c u la r  s iz e )  a g a in s t  th e  peak  h e ig h t  r e a d in g  on th e  r e c o r d e r  c h a r t .  
The e l u t io n  volume i s  u s u a l ly  re c o rd e d  in  te rm s o f  a  co u n t num ber f o r  th e
f r a c t i o n ,  w h ile  th e  peak  h e ig h t m easures th e  polym er c o n c e n tr a t io n  o b ta in e d  
from  th e  d e t e c to r  re a d in g .
The c o n t r o l  v a lv e s  a r e  used  to  a d ju s t  th e  flo w  th ro u g h  th e  r e fe re n c e  
and sam ple colum ns, and by u s in g  th e  sample v a lv e  i t  i s  p o s s ib le  to  c o n t r o l  
th e  amount o f  in j e c te d  s o lu t io n  w hich i s  c a r r i e d  by th e  sam ple stream  in  a 
c e r t a i n  tim e . To g iv e  a wide range  o f  m o le c u la r  s iz e  s e p a ra t io n  f o r  a 
polym er sam ple, s e v e ra l  columns a r e  jo in e d  to g e th e r  ( u s u a l ly  fo u r)  c o n ta in in g  
d i f f e r e n t  p o re  s i z e s .  The r e fe re n c e  column c o n s i s t s  o f  a s e r i e s  o f  colum ns 
w hich a r e  i d e n t i c a l  w ith  th e  sam ple co lum ns, and i t  i s  used  in  o rd e r  to  
n u l l i f y  th e  e f f e c t  o f any s l i g h t  im p u r i t i e s  t h a t  m igh t be  p r e s e n t  in  th e  
s o lv e n t  and a l s o  to  p ro v id e  a s u i ta b le  p r e s s u re  d ro p .
F o r m o n ito r in g  th e  polym er com ponents in  th e  e lu te d  s o lu t io n  from th e  
colum n, many k in d s  o f  d e te c to r  a re  a v a i la b l e  b a sed  upon p h y s ic a l  p r o p e r t i e s  
p f  polym er s o lu t io n s .  The d i f f e r e n t i a l  r e f r a c to m e te r  i s  more f r e q u e n t ly  
used  due to  i t s  wide a p p l i c a b i l i t y .  T h is  d e v ic e  d e t e c t s  th e  d i f f e r e n c e  betw een  
th e  r e f r a c t i v e  in d e x  o f  th e  e lu te d  polym er s o lu t io n  and th e  s o lv e n t ,  i t  
u s u a l ly  b e in g  p o s s ib le  to  r e l a t e  th e  c o n c e n tr a t io n  o f  th e  e lu te d  s o lu t io n  
to  th e  d e te c to r  re sp o n se  and hence p lo t  a chrom atogram  u s in g  th e  r e c o r d e r .
GPC C a l ib r a t io n
The e l u t io n  volume can be r e l a t e d  to  th e  m o le c u la r  w eig h t o f  th e  
polym er by means o f  a  c a l i b r a t i o n  cu rv e  T h is  i s  u s u a l ly  acco m p lish ed
by u s in g  p o ly s ty re n e  s ta n d a rd s .  M onodisperse p o ly s ty re n e  f r a c t io n s  each  o f  
known m o le c u la r  w eigh t and ex tended  c h a in  le n g th  a r e  run  a s  th e  s ta n d a rd s .
For u s e f u l  exam in a tio n  o f  any polym er th e  m o le c u la r  w e ig h t ran g e  sh o u ld  l i e  
w ith in  th e  l i n e a r  p a r t  o f  th e  c a l i b r a t i o n  c u rv e , w hich i s  o b ta in e d  by p l o t t i n g  
th e  e l u t io n  volume a g a in s t  th e  lo g a ri th m  o f m o le c u la r  w e ig h t. In  th e  l i n e a r  
p a r t  o f  th e  c a l i b r a t i o n  cu rve  p a r t i a l  p e n e t r a t io n  o f polym er m o lecu le s  i n t o  
th e  g e l p o re s  ta k e s  p la c e .  The p roposed  c a l i b r a t i o n  methods a r e  a s  fo l lo w s :
(a) Q -F ac to r M ethod:
In  t h i s  m e th o d ^ ^ ^  th e  c a l i b r a t i o n  i s  made on th e  b a s i s  o f  ex ten d ed  
c h a in  le n g th  w hich i s  e q u a ted  w ith  th e  m o le c u la r  s i z e .  The c a l i b r a t i o n  
cu rve  can  be o b ta in e d  by p l o t t i n g  th e  lo g a r i th m  o f ex ten d ed  c h a in  le n g th  
o f  p o ly s ty re n e  s ta n d a rd  v e rs u s  e lu t io n  volum e. Thus one can re a d  o f f  th e  
ex ten d ed  c h a in  le n g th  o f any  sp e c ie s  o f polym er under i n v e s t i g a t io n .  A 
f a c t o r ,  Q, i s  th e n  u sed  to  c o n v e r t th e  ex ten d ed  c h a in  le n g th  o f  each  
polym er s p e c ie s  in to  m o le c u la r  w e ig h t.
The r e l a t i o n  betw een m o le c u la r  w eigh t o f  th e  i  th  s p e c ie s  (M^) and
ex tended  c h a in  le n g th  in  A° u n i t s  (A^) is  g iv e n  by
Q = M ./A. ( 9 .2 )1 1  7
In a GPC chrom atogram  th e  peak  h e ig h t  a t  each  co u n t number i s  
p ro p o r t io n a l  to  th e  p ro d u c t o f  number o f  e lu te d  polym er m o le c u le s , N^, 
and m o le c u la r  w e ig h t, M^, o f  e lu te d  polym er m o lecu le s  in  th e  f r a c t i o n .
Thus th e  num ber, w e ig h t, and z -a v e ra g e  ex ten d ed  c h a in  le n g th s  o f  a  polym er 
(u n c o rre c te d  fo r  peak b ro ad en in g ) can be e v a lu a te d  a s  fo llo w s :
(M ) = EN.M./ZN. = E H ./E (H ./M .) = Q E H ./E (H ./A .) (9 .3 )n 00 i i  1 1  1 1  ^ i  1 1
H ere M  ^ i s  th e  m o le c u la r  w e ig h t, H^ th e  peak h e i g h t ,  and th e  number 
o f  m o lecu le s  fo r  s p e c ie s  i .  T h e re fo re  we have
(An )oo = ZH^VEte./A .) (9 .4 )
(A ) = EH.A./EH. (9 .5 )w 00 1  1  1
(Az )oo = X(H.A.2 ) / I ( H .A .)  ( 9 .6 )
On th e  assum ption  o f m o le c u la r  s iz e  b e in g  e q u a l to  ex ten d ed  c h a in  
le n g th ,  th e  c a l i b r a t i o n  cu rve  would be in d ep en d en t o f  th e  ty p e  o f  po lym er; 
however t h i s  has  been seldom  observ ed .
(b) U n iv e rsa l C a l ib r a t io n  Method :
(179)E vidence e x i s t s  to  show th a t  a p l o t  o f  lo g  riCM] v e rs u s  e lu t io n
volume shou ld  be th e  same fo r  a l l  ty p es  o f  po lym er, under c o n s ta n t  c o n d i t io n s
(same temperature, solvent, gel columns, and flow rate). Here CriU is the
l im i t in g  v i s c o s i t y  number and M th e  m o le c u la r  w e ig h t, and th e  p lo t t e d
cu rv e  s e rv e s  a s  a u n iv e r s a l  c a l i b r a t i o n  cu rv e .
The hydrodynam ic volume o f polym er m o lecu le  in  s o lu t io n ,  V^,
can th e r e f o r e  be u sed  as  a u n iv e r s a l  c a l i b r a t i o n  p a ra m e te r . T h is  can
be r e l a t e d  to  th e  p ro d u c t o f CT|3 and M a c c o rd in g  to  th e  E in s te in
v i s c o s i t y  r e l a t i o n s h i p ,  which was p re v io u s ly  e x p la in e d , ( E q .7 .1 0 ) b y  a
c o n s ta n t  a s  fo l lo w s :
V, = 40Cn]M/N (9 .7 )
h
For a  g iv en  e l u t io n  volume th e  r e l a t i o n  betw een a s ta n d a rd  p o ly s ty re n e  
(PS) and th e  polym er (P) to  be  a n a ly se d  w i l l  be
logW pgM pg = logCri]p Mp (9 .8 )
Using th e  Mark-Houwink e q u a tio n  (E q .7 .8 .)  fo r  b o th  th e  s ta n d a rd  
p o ly s ty re n e  and polym er, and com bining w ith  E q .9 . 8  t h i s  g iv e s  th e  
r e l a t io n s h ip
1 ^ps  ^+ap s
lo g  Wp = r i¥ p  lo g  "K ^ + u ^ ~  lo g M p S (9 *9)
From known v a lu e s  o f  th e  Mark-Houwink c o n s ta n ts  fo r  p o ly s ty re n e  and
fo r  th e  po ly m er, a  r e l a t i o n  can be o b ta in e d  betw een t h e i r  m o le c u la r
w e ig h ts  fo r  th e  p u rp o se  o f  c a l i b r a t i o n :
As d e sc r ib e d  p re v io u s ly  th e  F lo ry -F o x  r e l a t i o n s h ip  (E q .7 .1 3 ) 
i s  g iven  as fo llo w s :
CnlM = $ a 3 (<L^>)3 /2  (9-10)
2 1 . .
The term  (<L > ) 2 can  be re g a rd e d  a s  a u n iv e r s a l  c a l i b r a t i o n  p a ra m e te r  o
when two polym ers have s im i la r  p o ly m e r-so lv e n t i n t e r a c t io n  and t h e i r  
3v a lu e s  fo r  a  a r e  n e a r ly  th e  same. Assuming th e  Mark-Houwink c o n s ta n t s  
to  be n e a r ly  th e  same fo r  b o th  polym ers th e n  Mpg and M  ^ can be  r e l a t e d  
by th e  e q u a tio n
lo g  Mp -  log  MpS = log (< l7> /M )p s (M /<l7>)p (9 .11 )
. 2 . N1 /  2 .The v a lu e  o f  (<L0>/M) fo r  a polym er i s  c o n s ta n t  and in d ep en d en t o f
m o le c u la r  w eigh t and e l u t io n  volum e. S ince most po lym ers behave a s  random 
c o i l s  in  s o lu t io n ,  r a t h e r  th a n  ex ten d ed  c h a in s ,  t h i s  c a l i b r a t i o n  method i s  
a b e t t e r  approach  th a n  th e  Q - fa c to r  m ethod.
Chromatogram B roaden ing  C o r re c t io n  fo r  M olecu lar W eight 
A verages
In GPC th e  s e p a ra t io n  o f  each  m o le c u la r  w eig h t s p e c ie s  o f polym er 
p roduces a b ro ad en in g  o f  th e  chrom atogram , and th e  chrom atogram  o f a 
m onodisper.se polym er does n o t a p p e a r  a s  a n arro w  r e c t a n g le .  There a re  
s e v e ra l  m ethods fo r  e v a lu a t in g  th e  s p re a d in g  c o r r e c t io n  fo r  m o le c u la r  
w eigh t b u t th e  method recommended by Smith ^-^o) pro -ba ])Xy th e  
s im p le s t  one. Smith e x p re s se d  th e  m o le c u la r  w eig h t av e ra g e s  a s  a fu n c t io n  
o f  b i l a t e r a l  L ap lace  tra n s fo rm s . Then by  ap p ro x im a tin g  th e  peak  
b ro ad en in g  o f in d iv id u a l  m o le c u la r  w eig h t s p e c ie s ,  th e  m o le c u la r  w eig h t 
a v e ra g e s  were o b ta in e d  in  te rm  o f  th e  L ap lace  tra n s fo rm  fu n c t io n  G a s  
fo llo w s :
From th e  chrom atogram  o f  a polym er o f  known p o ly d i s p e r s i ty ,  th e  s i z e  o f
V is c o s i ty  Measurement in  GPC
An a u to m a tic  v isc o m e te r  i s  u s u a l ly  com bined w ith  th e  GPC a p p a ra tu s  
in  o rd e r  to  m easure th e  v i s c o s i t y  o f th e  e lu te d  s o lu t io n s  on a c o n tin u o u s  
b a s i s .  Flow tim es  a re  m easured e l e c t r i c a l l y  to  ± 0 .0 0 1  s e c s . The v i s c o s i t y
M
M '•
n
w
G(1)
< V „ / G ( - 1 )
(9 .12 )
(9 .13 )
For a sym m etrica l sp re a d in g  fu n c tio n  th e n
G (l)  = G (- l) (9 .1 4 )
Combining Eqs. 9 .1 2 ,  9 .1 3 ,  and 9 .1 4  w i l l  g iv e
(9 .1 5 )
w n
G (l)  can be o b ta in e d .
o f  each  sam ple i s  c a lc u la te d  from  th e  flow  tim es  o f  th e  f r a c t i o n s  m easured
n 81)
a t  each  syphon co u n t u s in g  th e  r e la t io n s h ip
M  I  0 . 1 6 ) .
t  mo
where Cr)] i s  in  d l / g  and t  i s  th e  s o lv e n t  flow  tim e in  s e c .  Here A t. =o 1
t .  -  t  , where t .  i s  th e  flow  tim e  o f  th e  i  th  f r a c t i o n .  V i s  th e  syphonl  o 1
volume in  ml and m i s  th e  amount o f  in je c te d  m a te r ia l  in  e g .
A p p lic a tio n  o f  GPC to  C e l lu lo s e  D e r iv a t iv e s
S ev era l w o rkers  have r e p o r te d  s tu d ie s  o f  th e  m o le c u la r  w e ig h t
d i s t r i b u t i o n  o f c e l lu lo s e  d e r iv a t iv e s  u s in g  th e  GPC te c h n iq u e . Brew er 
d 82 )e t  a l .  have s tu d ie d  th e  e f f e c t  o f v a ry in g  th e  DP, d e g re e  o f
s u b s t i tu t io n ,  and th e  s iz e  o f  s u b s t i tu e n t  on th e  m o lecu la r w e ig h t
d i s t r i b u t i o n  by d e te rm in in g  th e  M^/M^ r a t i o  and th e  p o ly s ty re n e
e q u iv a le n t c h a in  le n g th s .
Segal e t  a l .  have s tu d ie d  th e  m o lecu la r w eigh t d i s t r i b u t i o n
o f c e l lu lo s e  t r i n i t r a t e ,  and o b ta in e d  DP , DP by th e  Q - fa c to r  c a l i b r a t i o nw n
method (Q=58.0 ) .  These r e s u l t s  w ere a d m itte d ly  o f  s t a r t l i n g  m a g n itu d e , and
may be q u e s tio n e d  on th e  b a s i s  o f d i f f e r e n c e s  in  hydrodynam ic b e h a v io u r
betw een p o ly s ty re n e  and c e l lu lo s e  t r i n i t r a t e  in  s o lu t io n .
Many a t te m p ts  have been  made to  f in d  a  u n iv e r s a l  c a l i b r a t i o n  m ethod
( i  84)
fo r  c e l lu lo s e  d e r iv a t iv e s  w hich g iv e s  r e l i a b l e  r e s u l t s .  Chang h a s
su g g ested  a re p la c e m e n t Q -fa c to r  of 10 .5  (d isc u sse d  l a t e r )  f o r  c e l l u l o s e
t r i n i t r a t e .  However t h i s  method o f  c a l i b r a t i o n  h as  been  c r i t i c i z e d  by 
( l  8 5)Segal e t  a l .  b ecau se  Q can vary  betw een 8 .8 -1 1 .1  and may a l s o  depend
on b o th  th e  DP o f  th e  sam ple and type  o f  c e l lu lo s e .
M eyerhoff ^-8 6) ^ a s  stU(jie d  c e l lu lo s e  t r i n i t r a t e  to  f in d  a  u n iv e r s a l  
c a l ib r a t io n  method by com bining [q ] and th e  m o le c u la r  w e ig h t and r e l a t i n g  
them to  th e  e l u t i o n  volum e. Quano e t  a l .  have m easured th e  m o le c u la r
w eigh t o f c e l l u lo s e  n i t r a t e s  by v isc o m e te ry  and GPC, u s in g  hydrodynam ic and 
Q -fa c to r  c a l i b r a t i o n  m ethods. They found th a t  r e s u l t s  from th e  Q - fa c to r
method o f GPC c a l i b r a t i o n  d id  n o t ag ree  w ith  e i t h e r  v is c o m e tr ic  r e s u l t s  o r 
l i t e r a t u r e  v a lu e s  fo r  m i c r o - c r y s ta l l in e  c e l l u l o s e ,  b u t r e s u l t s  u s in g  th e  
hydrodynam ic method agreed w e ll in  b o th  c a s e s .
EXPERIMENTAL
M odel-200 g e l p e rm ea tio n  ch rom atog raph  (W aters A s s o c ia te s )  was 
employed to g e th e r  w ith  a FICA MK1 V iscom atic  a u to m a tic  v is c o m e te r .  A 
p h o to g rap h  o f  t h i s  a p p a ra tu s  i s  shown in  F ig u re  9 . 2 , to g e th e r  w ith  an  
i d e n t i f i c a t i o n  key g iven  a t  th e  end o f  th e  e x p e r im e n ta l s e c t io n .  The
a p p a ra tu s  was o p e ra te d  a t  room te m p e ra tu re  ( 1 7 .5 -1 9 .5°C) u s in g  THF as
-1  1" s o lv e n t (f lo w  r a t e  1 .0 0 4 -1 .0 3 2  m l.m in ) and w ith  a  s e t  o f  f iv e  4 f t  x
in n e r  d ia m e te r  colum ns packed w ith  S ty ra g e l (W aters A s s o c i a t e s ) . The
. . 4 4column p a c k in g s  had th e  fo llo w in g  nom inal p o r o s i t i e s :  10 , 2 x  10 ,
1 0 5 , 5 .5  x 105 , and 106£  .
In  t h i s  in v e s t ig a t io n  f iv e  f r a c t io n a t e d  CTP sam ples F^AjF^P jF^A,
F^A and F^A (see  C hap ter VI fo r  f r a c t i o n a t io n  p ro c e d u re )  and one 
u n f r a c t io n a te d  sam ple , UL (see  C hap ter V )s were u se d . These sam ples w ere 
d r ie d  in  a vacuum oven a t  95°C f o r  2 -3  h o u rs  b e fo re  th e  s o lu t io n s  were 
made u p , and a l l  w eigh ing  was c a r r i e d  o u t in  a d ry -b o x . I n i t i a l l y ,  a l l  
s o lu t io n s  w ere p re p a re d  a t  an  app rox im ate  c o n c e n tr a t io n  o f  5 mg ml^ b u t t h i s  
proved  to  be to o  h ig h  a c o n c e n tra t io n  fo r  th e  h ig h e r  m o le c u la r  w e ig h t sam ples 
b eca u se  o f  t h e i r  in c re a s e d  v i s c o s i t i e s .  A ll s o lu t io n s  (ex ce p t th e  UL 
sam ple s o lu t io n )  were th e re f o r e  d i l u te d  to  a c o n c e n tr a t io n  o f  a p p ro x im a te ly  
2 mg ml ^ w ith  pure u n s ta b i l i z e d  degassed  THF. S o lu tio n s  w ere aged  f o r  a t  
l e a s t  24 h o u rs , under a n i t ro g e n  b la n k e t ,  b e fo re  i n j e c t i o n  o f  2 ml in to  
th e  a p p a ra tu s .
The a p p a ra tu s  was c a l ib r a t e d  u s in g  s ta n d a rd  narro w  d i s t r i b u t i o n  sam ples 
o f  p o ly s ty re n e  s u p p lie d  by W aters A s s o c ia te s  L td . A ll th e  v i s c o s i t i e s  were 
m easured a t  30 .10±0.02°C  w ith  th e  GPC a u to m a tic  v is c o m e te r .
aw
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The sample s o l u t i o n s  F^A and F^P were aged fo r  f iv e  days and t h e  
s o l u t i o n s  looked  c l e a r ,  however th e y  gave p a r t i a l  b lo c k in g  o f  a  5M 
T e f lo n  membrane f i l t e r  used p r i o r  to  i n j e c t i o n .  In t h i s  c a s e  some 
m a te r i a l  l o s t  by f i l t r a t i o n  might have a f f e c t e d  th e  v i s c o s i t y  o f  th e  
sam ples t o  a sm all  e x t e n t .
Key to  F igu re  9 . 2 :
1 -  Sample lo a d in g  s y r in g e  f o r  a u to m a tic  sample i n j e c t i o n  system
2 -  Sample lo a d in g  s y r in g e  f o r  manual i n j e c t i o n  
3-4 -  Sample lo a d in g  o v e rf lo w  o u t l e t s
5 -  R e f ra c to m e te r  c o a r s e  ze ro  ad ju s tm en t
6 -  W aters A s s o c ia te s  R4 d i f f e r e n t i a l  r e f r a c t o m e t e r
7 -  C hart  r e c o r d e r
8 -  "T herm o tro l"  c o n t r o l s  f o r  th e r m o s ta t t i n g  o f  r e f r a c to m e te r
9 -  F in e  zero  c h a r t  a d j u s t e r
10 -  S e le c to r  f o r  r e c o r d e r  s e n s i t i v i t y
11-13 -  A utomatic sample i n j e c t i o n  system  c o n t r o l s
14-17 -  H eate r  c o n t r o l s  f o r  sample i n l e t s  (column oven , e t c . )
18 -  Syphon p u ls e  i n d i c a t o r
19 -  Tem perature gauge
20 -  V iscom eter
21 -  P h o to c e l l  s e n s in g  head f o r  v isc o m e te r
22 -  J a c k e t t e d  syphon
23 -  Syphon box
24 -  Waste s o lv e n t  c o l l e c t o r
25 -  Haake th e rm o s ta t t e d  c i r c u l a t i n g  b a th
26 -  FICA v iscom at a u to m a tic  r e c o r d in g  v isco m e te r
27 -  Haake p r o p o r t i o n a l  c o n t r o l l e r  f o r  th e rm o s ta t t e d  c i r c u l a t i o n
system  fo r  syphon and v isco m e te r
RESULTS
Calibration Data
A summary of results obtained for the calibration curves, using
p o ly s ty r e n e  s ta n d a rd  sam ples ,  i s  g iven  in  th e  T ab le s  9 .1  and 9 .2 .  A ll
e l u t i o n  volumes, V , a re  e x p re s s e d  in  te rm s o f  syphon count numbersR
(1 coun t = 3.26 ml) and e x ten d ed  c h a in  l e n g t h s ,  A^,, in  2. u n i t s .  Here
W . “ oV_ r e p r e s e n t s  th e  e l u t i o n  volume c o r re s p o n d in g  to  M and V_ r e p r e s e n t s  
R W R
th e  e l u t i o n  volume c o r re s p o n d in g  to  th e  peak maximum.
Table  9 . 1 .  V is c o s i ty  And E l u t io n  Volume D ata For D i f f e r e n t  M olecu la r  
Weight P o ly s ty re n e  Samples
M  ( d l /g ) \ P3
>o LogCulM^ -4M x 10 w
0.088 .65.15 65 .1 2.9565 1 .0 2 8
0.141 6 3 .0 6 3 .1 3.4483 1.991
0 .270 5 9 .2 5 9 .4 4.1355 5 .0 6
0.442 56.5 56 .5 4 .6375 9 .8 2
0.625 54 .1 5 4 .0 5.0339 1 7 .3 0
1.158 50.6 5 0 .1 5.6912 40 .50
2.002 47.6 47 .4 6 .2200 82 .90
3.355 43 .8 44.4 6.8571 214 .50
The u n iv e r s a l  c a l i b r a t i o n  cu rve  o b ta in e d  from th e  d a ta  in  T ab le  9 .1  was 
l i n e a r  th ro u g h o u t t h i s  e l u t i o n  volume ran g e  and a  l e a s t - s q u a r e s  r e g r e s s i o n  
a n a l y s i s ,  w ith  c o r r e l a t i o n  c o e f f i c i e n t  o f  0 .9 9 9 6 ,  gave
lo g M M  = 14.831 -  0 . 1 8 1 1 ^  (9 .1 7 )
W R
The e l u t i o n  volume v e rs u s  ex tended  c h a in  le n g th  f o r  th e  p o ly s ty r e n e  
s ta n d a rd s  i s  shown p l o t t e d  i n  F ig u re  9 . 3 .  From t h i s  curve  th e  e x te n d e d  
c h a in  le n g th  f o r  each e l u t i o n  volume (co u n t  number) was o b ta in e d  by 
g r a p h ic a l  i n t e r p o l a t i o n  and th e s e  a r e  g iven  in  T ab le  9 .2 .
Table 9.2. Elution Volume And Extended Chain Length For Polystyrene Samples
VR A.l VR A.l VR A.l
40 128,000 51 8 ,900 62 620
41 100,000 52 7 ,000 63 480
42 79,000 53 5 ,500 64 360
43 62,000 54 4 .300 65 260
44 49,000 55 3 ,380 66 180
45 38,000 56 2 ,660 67 120
46 30,000 57 2 ,0 8 0 68 70
47 23,600 58 1,620 69 38
48 18,300 59 1 ,290 70 17
49 14,400 60 1,005 71 6
50 11,300 61 790
GPC D ata  f o r  C e l lu lo s e  T r ip ro p io n a te  Samples.
The chromatograms o b ta in e d  f o r  CTP samples a re  shown in  F ig u re s  9 .4  
t o  9 .9 .  These chromatograms have th e  same f e a t u r e s  in  common and th e  n e g a t iv e  
peaks  a t  one end r e p r e s e n t  w a te r  and a i r  which c an n o t be e l im in a te d  c o m p le te ly .  
The n a rrow  peak a t  th e  low m o le c u la r  w eigh t end o f  th e  chromatogram 
(~74 .5 c o u n ts )  i s  due to  THF p e ro x id e  which i s  a l s o  im p o ss ib le  t o  remove 
e n t i r e l y .
The chromatogram o f  th e  UL sample shows m o le c u la r  w eigh t f r a c t i o n s  
low er th a n  coun t 71 which i s  th e  coun t l i m i t  f o r  th e  p o ly s ty r e n e  c a l i b r a t i o n .  
Thus m o lecu la r  w eight e v a l u a t i o n  fo r  t h i s  sample were c a l c u l a t e d  from th e  
d o t te d  b ase  l i n e ,  and th e  e r r o r  in t ro d u c e d  was n e g l i g i b l e .
There i s  a sm all  peak a t  th e  b e g in n in g  o f  th e  chromatogram f o r  samples 
F^A and i n d i c a t i n g  a sm all amount o f  v e ry  h ig h  m o le c u la r  w e ig h t CTP;
i t  i s  s i g n i f i c a n t  t h a t  s o lu t i o n s  o f  th e s e  two sam ples caused  some b lo c k in g  
o f  th e  f i l t e r  which was m entioned e a r l i e r .  These s o l u t i o n s  may c o n ta in
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F ig .  9 .3  GPC c a l i b r a t i o n  cu rv e  u s in g  p o ly s ty r e n e  s ta n d a rd  i n  THF a t  a b o u t  23°C 
(S e t D: S ty r a g e l  Columns 5x4 f t )
su p erm o lecu la r  g e l  p a r t i c l e s ,  r a t h e r  than  v e ry  h ig h  m o le c u la r  w eight 
m a t e r i a l ,  as  has  been found in  o th e r  s o lu t i o n s  o f  c e l l u l o s e  po lym ers .
Such ge l p a r t i c l e s  have been  i d e n t i f i e d  by S p e r l in g  and Easterw ood ^® 7) 
f o r  c e l l u l o s e  a c e t a t e  and t r i a c e t a t e  in  a c e to n e  h av in g  d ia m e te r s  abou t
/ I g O N
0.31J and 15]J r e s p e c t i v e l y .  Schurz and T r i t t h a r t  found
su p e rm o lecu la r  g e l  p a r t i c l e s  in  c e l l u l o s e  n i t r a t e  which c o u ld  be 
i s o l a t e d  by p r e s s u r e  u l t r a f i l t r a t i o n .  However, in  c a l c u l a t i n g  th e  
m o le c u la r  w eigh t f o r  CTP th e s e  peaks were ig n o re d  ( th e  e r r o r  f o r  Mn 
i s  n e g l i g i b l e )  a s  shown by th e  d o t t e d  l i n e .
For a g iv e n  e l u t i o n  volume th e  ex tended  c h a in  l e n g th  o f  th e  
c o r re s p o n d in g  s p e c ie s  o f  CTP was assumed to  be th e  same a s  t h a t  f o r  th e  
p o ly s ty r e n e  s ta n d a rd  v a lu e .  Extended ch a in  l e n g th  av e ra g e s  f o r  a l l  CTP 
samples were c a l c u l a t e d  from Eqs. 9 . 4 ,  9 . 5 ,  9 . 6 ,  u s in g  g iv e n  in  
T ab le  9 .2  and peak h e ig h ts  of th e  s p e c ie s  o b ta in e d  from F ig u r e s  9 .4  t o  
9 .9 .  The r e s u l t s  a r e  g iven  i n  Table  9 .3  w ith  a l s o  th e  c o r r e c t e d  av e rag e  
ex tended  c h a in  l e n g th s  due t o  chromatogram b ro ad en in g  (Eq. 9 . 1 5 ) .
M olecular w e ig h ts  o f  th e  CTP samples were e v a lu a te d  by th e  Q - f a c to r  
(Eqs. 9 .2  and 9 .3 )  and hydrodynamic volume (Eq. 9 .1 7 )  methods o f  
c a l i b r a t i o n  which a re  g iven  i n  T ab le  9 .3 .  Here a v a lu e  o f  Q = 6 6 0 .6 8 2 /1 0 .2 8
/ O W •= 64 .27  g/A was employed, V_ v a lu e s  were r e a d  o f f  from th e  c a l i b r a t i o n
curve  (F ig u re  9 .3 )  u s in g  th e  c a l c u l a t e d  A , and LVN v a lu e s  were o b ta in e dw
from th e  f lo w  tim e  e l u t e d  s o lu t i o n s  which a re  g iv en  in  F ig u r e s  9 .4  to  9 . 9 ,  
u s in g  Eq. 9 .1 6 .
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Table 9.3. GPC Data For CTP Samples in Tetrahydrofuran
Sample UL V f 3a V f 2p Fi A
(A )
n  c °
303 2620 • 5846 8080 8448 16248
( A )
W  00
1008 3369 8071 12094 17632 22467
(A )z 00 2195 4211 10419 15627 30403 31207
(A /A )w n 00 3 .33 1.29 1.38 1 .5 0 2 .08 1.38
(A /A ) z W “ 2.17 1.25 1.29 1.29 1.72 1 .38
G (l) - 1 .058 1.086 1.086 1.054 1.022
An
- 2772 6349 8775 8904 16605
Aw
- 3184 7432 11136 16729 21983
A /A w n
- 1.15 1 .1 7 1 .2 7 1.88 1 .32
Mn
(Q - fa c to r
method)
19,470 178,200 408,100 564,000 572,300 1 ,0 6 7 ,0 0 0
\ 61.85 5 5 .3 51 .6 4 9 .7 49 .0 48.15
V 60 .0 55 .2 51 .4 5 0 .0 48.4 4 7 .3
LogCriDM^ 3.9649 4.8342 5.5224 5.7759 6.0657 6.2649
i o ” 4[ ti]mw 0.92236 6.8265 33.297 59 .690 116.33 184.03
m (eg) 1.122 0 .4 3 0.394 0 .384 0.3712 0 .408
t  (Sec) o 73.959 73.943 73.935 73.914 73.887 73.897
E n ] (d ig 1! 0 .3303 0 .9158 1.876 2 .412 2 .994 3.671
M
W  * •(hydrodynamic
method)
27,920 74,540 ^177,500 247,500 388,500 501,300
m c M)n 8,380 64,820 151,700 194,900 206,600 379,800
DISCUSSION
Comparison of GPC and Osmometry Measured Molecular Weights for CTP
The m o lecu la r  w e ig h ts  e v a lu a te d  by th e  Q - f a c to r  method compared to
th e  a b s o lu t e  m o le c u la r  w e ig h ts  o b ta in e d  by osmometry (ex ce p t  UL sample)
a re  v e ry  l a r g e ,  as has  been observed  fo r  o th e r  c e l l u l o s e  d e r i v a t i v e s .
This  r e q u i r e s  th e  ex tended  c h a in  l e n g th  o f  sam ples t o  be l e s s  th a n  t h a t
g iven  in  T ab le  9 .3 .  C le a r ly  t h e  hydrodynamic b e h a v io u r  o f  CTP i s  no t
s i m i l a r  to  p o ly s ty r e n e  and th e  Q - fa c to r  method i s  n o t  a r e l i a b l e
c a l i b r a t i o n  method.
A co m p ara tiv e  s tu d y  can  be made by c a l c u l a t i n g  th e  p e rc e n ta g e
d e v ia t io n  o f  th e  GPC hydrodynamic r e s u l t s  from th o s e  o b ta in e d  from
osmometry a s  shown in  Table. 9 .4 .  T h is  t a b l e  shows two b ig  d e v i a t io n s
which may be r e l a t e d  to  th e  degree  o f  p o l y d i s p e r s i t y  o f  th e  sam ples ,
th e  d isag ree m en t  in  g e n e ra l  i n c r e a s in g  w ith  th e  deg ree  o f  p o l y d i s p e r s i t y .
A s i m i l a r  b e h a v io u r  h a s  been observed  in  a com parison  between osmometry
(189)
and GPC r e s u l t s  f o r  p o ly s ty r e n e  by A l l i e t  . I n  t h i s  s tudy  a s  th e
r a t i o  o f  M /M i s  in c r e a s e d  from 1 .17  to  1 .5 6 ,  th e  p e r c e n ta g e  d i f f e r e n c e  w n
betw een th e  two methods in c r e a s e s  from 3 .6  t o  1 5 .5 .
T ab le  9 . 4 .  Comparative M olecu lar  W eights U sing  Hydrodynamic 
GPC C a l i b r a t i o n  And Osmometric Method For CTP Samples
Sample M /M (GPC) w n M (GPC) n M ( o s . )  n % d e v i a t io n
UL 3.33 8,380 29 ,200  * 71 .3
V  . 1 .1 5 64,820 72 ,000 10.0
V 1.17 151,700 153,100 0 .9
F2A 1.27 194,900 197,300 1 .2
V 1.88 206,600 270 ,000 23 .5
F A 1.32 379,800 389,200 2 .4
* M o lecu la r  w eigh t c a l c u l a t e d  from v i s c o s i t y  a s  e x p la in e d  in  th e  
p r e v io u s  c h a p te r s
The r e s u l t s  show t h a t  th e  GPC u n iv e r s a l  c a l i b r a t i o n  method fo r  
m o le c u la r  w eigh t d e te rm in a t io n  o f  CTP samples h a v in g  a low d eg ree  o f  
p o l y d i s p e r s i t y  (M^/M^<1.3) i s  a r e l i a b l e  one. A p l o t  o f  p e r c e n ta g e  
d e v i a t i o n  v e r s u s  M^/M^ f o r  sam ples hav ing  M^/M h ig h e r  th a n  1 .2  g iv e s  a 
l i n e a r  r e l a t i o n s h i p .  Thus from t h i s  r e l a t i o n s h i p ,  t o g e th e r  w i th  f u r t h e r  
d a t a ,  a c o r r e c t i o n  f a c t o r  may be found to  use  f o r  m o le c u la r  w eigh t 
d e te rm in a t io n  o f  h ig h l y  p o ly d i s p e r s e d  CTP.
E v a lu a t io n  o f  a Replacement Q -Factor and th e  Mark-Houwink C o n s ta n ts  
f o r  CTP in  T e t r a h y d ro fu ra n
I t  was m entioned  t h a t  Chang proposed  an  e f f e c t i v e  d e n s i t y  f a c t o r ,  Q,
to  u se  i n s t e a d  o f  Q i t s e l f  in  o rd e r  to  de te rm ine  th e  c o r r e c t  m o le c u la r
w e ig h t .  T h is  was o b ta in e d  by d iv i d in g  th e  osmometric M v a lu e s  o f  an
s e r i e s  o f  samples by t h e i r  r e s p e c t i v e  v a lu e s  of A and th e n  a v e ra g in g  th en
r e s u l t s .  A s i m i l a r  p ro ced u re  was t r i e d  fo r  CTP sam ples b u t  was shown t o  be
u n s a t i s f a c t o r y ,  s in c e  i n  t h i s  c a se  Q v a r i e d  from 22 .5  t o  9 2 .0 .  However,
th e  hydrodynamic v a lu e  to  A^ v a lu e  r a t i o s  f o r  th e  CTP sam ples (e x c e p t
f o r  UL sample) a r e  n e a r l y  c o n s ta n t  (22 .21  -  2 3 .8 9 ) .  Thus t h e i r  av e ra g e
(2 3 .1 )  can be used a s  a Q -  f a c t o r  to  o b ta in  m o le c u la r  weights c lo se  t o
th o s e  o b ta in e d  by th e  hydrodynamic c a l i b r a t i o n  m ethod , w i th in  th e  m o le c u la r
w eigh t range  65 ,000 to  380 ,000 .
The Mark-Houwink c o n s ta n t s  ( p r e v io u s ly  e x p la in e d )  were e v a lu a te d  f o r
CTP in  THF a t  30.10°C from a double  lo g a r i th m ic  p l o t  o f  LVN a g a i n s t  GPC
m o le c u la r  w eigh t fo r  samples F^A, F3 ^ ’ anc* F4^ 9 . 3 ) .  These
samples were chosen because  o f  th e  re a s o n a b ly  good agreem ent of t h e i r
m o le c u la r  w e ig h ts  w ith  th o s e  found by osmometry. L e a s t^ s q u a re s
-4
t r e a tm e n t  gave v a lu e s  o f  a  = 0.794 and K = 1 .43  x 10 f o r  t h e  number—
-4a v e ra g e  m o le c u la r  w e ig h t ,  w h ile  a = 0 .733  and K = 2 .5 5  x 10 were 
o b ta in e d  f o r  th e  w e ig h t -a v e ra g e  m o lecu la r  w e ig h t .  The c o r r e l a t i o n  
c o e f f i c i e n t s  o f  th e s e  p l o t s ,  which were 0 .9964 and 0 .9961  r e s p e c t i v e l y ,  
confirm ed  th e  l i n e a r  r e l a t i o n s h i p  assumed.
Here th e  v a lu e s  o b ta in e d  f o r  a a r e  lower th a n  th o s e  o b ta in e d  in  
c h lo ro fo rm , which i s  to  be e x p ec ted  due both  to  th e  h ig h e r  te m p e ra tu re  
in  th e  c a se  of t e t r a h y d r o f u r a n  and th e  lower p o ly m e r -so lv e n t  
i n t e r a c t i o n  in  t h i s  s o lv e n t .
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